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ABSTRACT 
 The emergence of multidrug-resistant bacterial infections in both the clinical setting and the 
community has created an environment in which the development of novel antibacterial compounds is 
necessary to keep dangerous infections at bay.  While the derivatization of existing antibiotics by 
pharmaceutical companies has so far been successful at achieving this end, this strategy is short-term, and 
the discovery of antibacterials with novel scaffolds would be a greater contribution to the fight of 
multidrug-resistant infections.  Described herein is the application of both target-based and whole cell 
screening strategies to identify novel antibacterial compounds.  In a target-based approach, we sought 
small-molecule disruptors of the MazEF toxin-antitoxin protein complex.  A lack of facile, continuous 
assays for this target required the development of a fluorometric assay for MazF ribonuclease activity.  
This assay was employed to further characterize the activity of the MazF enzyme and was used in a 
screening effort to identify disruptors of the MazEF complex.  In addition, by employing a whole cell 
screening approach, we identified two compounds with potent antibacterial activity.  Efforts to 
characterize the in vitro antibacterial activities displayed by these compounds and to identify their modes 
of action are described.   
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CHAPTER 1 
  THE DISCOVERY AND DEVELOPMENT OF NOVEL ANTIBIOTICS FOR THE 
TREATMENT OF MULTIDRUG-RESISTANT INFECTIONS 
 
1.1.   MULTI-DRUG RESISTANT INFECTIONS 
Once hailed as “miracle drugs”, antibiotics have transformed the face of modern medicine. In the 
mid-20th century, the golden age of antibiotics provided a bountiful arsenal of tools for the treatment of 
bacterial infection.  However, as this era came to a close, rampant resistance to antibiotics by pathogenic 
bacteria became a serious public health problem; organisms that were once sensitive to these drugs now 
thrive under the same treatment.  The Infectious Diseases Society of America recently recognized those 
antibiotic-resistant pathogens that are most commonly encountered in the clinic as the “ESKAPE 
pathogens”.5,6  This class of problematic pathogens encompasses both Gram-positive and Gram-negative 
organisms and includes Enterrococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species.  These pathogens are 
important not only because they are responsible for the majority of hospital-acquired infections, but 
because their pan-resistance to common antibiotic therapies has forced the use of older treatments 
previously retired due to high levels of toxicity.6,7  In our search for novel antibacterial compounds, we 
were mindful of several of these pathogens and included them in spectrum of activity studies (see Chapter 
3); however, Klebsiella pneumonia and Enterobacter species were not studied, and will therefore not be 
discussed further here.   
 
1.1.1. Methicillin-resistant S. aureus (MRSA) 
In the United States, MRSA is responsible for 19,000 deaths annually, a mortality rate that equals 
that of AIDS and tuberculosis combined.8,9  First observed in 1961, the incidence of methicillin resistance 
in S. aureus infections has risen steadily over the last 50 years; in U.S. intensive care units, greater than 
60% of S. aureus infections are now methicillin-resistant.9-11  This incidence of resistance is alarming, as 
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hospital-acquired MRSA (HA-MRSA) is often cross-resistant to a multitude of antibiotics including the 
frequently prescribed β-lactams, macrolides, and quinolones.3,11,12  
The emergence of vancomycin-intermediate (VISA) and -resistant (VRSA) strains of MRSA has 
made these infections even more difficult to treat, as vancomycin is considered the treatment of last resort 
for problematic MRSA infections.13  In an effort to prevent further promotion of VRSA strains, the Center 
for Disease Control (CDC) has been forced to recommend less desirable treatments for MRSA.  These 
include tetracyclines, which are unsafe for consumption by children or pregnant women; rifampicin, a 
drug to which resistance arises rapidly and is therefore prescribed only in combination with other 
antibiotics; and clindamycin, an antibiotic that has been shown to increase the risk of Clostridium 
difficile-associated disease.  Linezolid remains a viable treatment for MRSA infections as resistance to 
this antibiotic has been reported for only a handful of infections; however, the CDC recommends the 
reservation of linezolid treatment for particularly difficult MRSA infections, such as those that are 
resistant to vancomycin.14   
Also challenging the medical community is the emergence of MRSA outside of the hospital 
setting in otherwise healthy individuals.  In the last 20 years, community-associated MRSA (CA-MRSA) 
infections among athletes, prisoners, military personnel, and others have arisen at a staggering rate.  
These infections are distinct from their HA-MRSA counterparts, as their resistance spectrum is much 
more limited.  This increased susceptibility of CA-MRSA infections to antibiotic treatment is countered, 
however, by high growth rates, hypervirulence, and ease of transmission from person to person.15  Thus, 
while early stage CA-MRSA infections can be significantly easier to treat than HA-MRSA infections, 
untreated infections can be quite invasive and exceedingly dangerous.  Also troubling is the recent 
emergence of the most common CA-MRSA strain, USA300, in the hospital setting.  The infection of 
immunocompromised patients with such a virulent MRSA strain and the ease with which it is transmitted 
between patients makes this strain particularly dangerous.   
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1.1.2. Vancomycin-resistant enterococci (VRE) 
Also plaguing hospital patients is vancomycin-resistant enterococci (VRE), a Gram-positive 
pathogen that is now the third most frequent cause of nosocomial bloodstream infections.10  First reported 
in 1986, the incidence of vancomycin resistance in enterococcal infections has since increased 
dramatically, as over 30% of E. faecium infections in U.S. hospitals are now vancomycin-resistant.5  
Vancomycin resistance genes, acquired by enterococci through horizontal gene transfer, are usually 
accompanied by genes encoding resistance to other antibiotics such as aminoglycosides, macrolides, 
streptogramins, and chloramphenicol.16  This multidrug-resistance likely contributes to the 30% mortality 
rate for VRE, as relatively few antibiotics remain reliable treatments for VRE infection.17  Most multidrug 
resistant VRE strains remain susceptible to linezolid, tigecycline, and daptomycin; however, tigecycline is 
the only drug among these for which resistant VRE strains have not yet been reported.16  New strategies 
for treating these multidrug-resistant VRE infections are clearly required. 
 
1.1.3. Pseudomonas aeruginosa and Acinetobacter baumannii 
Of the Gram-negative pathogens, P. aeruginosa and A. baumannii have recently garnered the 
most attention due to their pan-resistance to most antibiotic therapies.  These two pathogens, known for 
their propensities to form biofilms, are typically encountered among infections involving external devices 
such as ventilators and urinary and intravenous catheters.18  Thus, they are most commonly found in 
hospitals and are the major causative agents of ventilator-associated-pneumonia (VAP) and urinary tract 
infections (UTIs).  Also susceptible to infection by biofilm-forming bacteria, burn wounds are breeding 
grounds for P. aeruginosa and A. baumannii;19,20 this property of A. baumannii has recently become 
particularly problematic for the treatment of wounded soldiers returning from Iraq and Afghanistan.21 
Treatment of such infections is complicated by the high frequency at which these two pathogens 
acquire resistance to a multitude of antibiotics.  The mechanisms that confer this multidrug resistance in 
P. aeruginosa have been extensively studied.  While some protection is afforded by the biofilm it 
produces, P. aeruginosa also defends itself from antibiotics by producing narrow outer membrane porins 
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and multidrug efflux pumps.  In addition, P. aeruginosa expresses a variety of drug-modifying enzymes, 
such as β-lactamases and aminoglycoside methylases, and also utilizes mutant topoisomerases, rendering 
fluoroquinolones ineffective.20 While much less extensively studied, A. baumannii is also known to 
express multidrug efflux pumps and drug-modifying enzymes.19  With such an armory of defenses against 
antibiotic treatment, it is unsurprising that, in some cases, infections caused by P. aeruginosa and A. 
baumannii are refractory to all clinically available antibiotics.18  The lack of more suitable treatments for 
such multidrug-resistant Gram-negative infections is forcing the use of toxic therapies such as colistin, a 
neurotoxic and nephrotoxic antibiotic developed several decades ago.19,20,22  There is a significant need for 
safer antibacterial therapies for P. aeurginosa  and A. baumannii infections. 
 
1.2. THE CURRENT STATE OF ANTIBIOTICS 
The industrialization of penicillin in the early 1940s marked the beginning of a successful era in 
antibiotic discovery that lasted over two decades (Figure 1.1)  These successes included the discovery of 
many of the antibiotics used in the clinic today such as tetracyclines, macrolides, aminoglyclosides, 
1930     1935     1940     1945     1950     1955     1960     1965     1970     1975     1980     1985     1990     1995    2000     2005
β-lactams
Tetracyline
Fusidic acid
Daptomycin
Rifamycins
Folate Biosynthesis
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Vancomycin RI
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R
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Figure 1.1. The golden age of antibiotics, spanning the 1940s, 50s, and 60s, was followed by what many call an “innovation gap”
as 40 years passed without the release of any new antibiotic classes into the market.  There are currently no antibiotic classes for
which antibiotic resistance has not been observed in the clinical setting 
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cephalosporins, chloramphenicol, glycopeptides and rifamycins.23-28  However, just as hospitals began 
tosee their first cases of antibiotic resistant infections in the 1960s, the golden age of antibiotics came to a 
close;29 since that time only two new structurally distinct antibiotics, linezolid and daptomycin, have been 
released into the clinic.  The few pharmaceutical companies that remain in the antibiotic discovery arena 
typically fight the battle against resistance by modifying existing classes of antibiotics;30 this short term 
strategy has provided an arsenal of antibiotics of limited structural diversity that bind a narrow spectrum 
of targets.  The war against antibiotic resistance would be more effectively fought with an arsenal 
replenished with structurally distinct antibiotics with novel mechanisms of action.   
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Figure 1.2.  Representative members of the major classes of natural product and synthetic antibiotics.   
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1.2.1. Antibiotic scaffolds 
Antibiotic scaffolds can be divided into two categories: natural products and synthetic 
antibacterials.  The golden age of antibiotics was fueled by a surge in natural product isolation and 
identification.  Penicillin, aminoglycosides, chloramphenicol, tetracyclines, cephalosporins, vancomycin, 
macrolides, and rifamycins were all isolated from bacteria, actinobacteria, and fungi during this 
prosperous era (Figure 1.2).  While the majority of antibiotics are natural products, they lack many 
qualities of ideal drug candidates; many have to be produced by fermentation instead of large-scale 
chemical synthesis, and few of these high-molecular weight compounds are orally bioavailable.31,32  As it 
appears that much of the low-hanging fruit has been harvested from Mother Nature’s stores of natural 
product antibiotics, many of those in search for structurally distinct antibiotic scaffolds have turned 
synthetic chemical libraries. 
The sulfonamides, the earliest class of antibiotics, are dye-based drugs with no natural product 
origin,33 and nalidixic acid, the first of the quinolone antibiotics, was isolated as a byproduct of 
chloroquine synthesis in the 1960s.34  The inhibition of bacterial growth by these small molecule 
antibacterials has prompted those working to identify similar drug-like antibiotics to screen diverse 
collections of small molecules for antibacterial activity.  Linezolid, an orally bioavailable antibacterial 
compound from the oxazolidinone class of antibiotics, was identified from such a screen in the 1980s.35 
This drug is now considered the treatment of last resort for many multi-drug resistant infections.  
Despite this successful outcome from a screen of synthetic drug-like molecules, many 
pharmaceutical companies continue to pour their efforts into derivatizing existing antibiotics; in the last 
decade, fourteen such compounds were released into the market (Figure 1.3).36-45  It is thought that the 
risk of pursing reengineered antibiotics is less than that of pursuing novel antibacterial scaffolds, as such 
derivatives are less likely to be toxic to humans.29  However, in practice, this is not always the case; 
several floroquinolone derivatives were discontinued in 2005 after severe central nervous system and 
gastrointestinal toxicity was observed in patients.29  Derivatized antibiotics are not guaranteed to be 
nontoxic and are only short-term solutions to the problem of antibiotic resistance.  The discovery and 
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Figure 1.3. Fourteen of the antibiotics released into the market in the last decade have been derivatives of existing antibiotic
classes. 
development of antibacterials with novel scaffolds is needed to ensure that treatments are available for 
multi-drug resistant infections.   
 
1.2.2. Antibiotic targets 
Also contributing to the antibiotic resistance crisis is the narrow spectrum of targets hit by our 
current arsenal of antibiotics.  Over 200 antibacterial drugs target only 5 bacterial processes and bind only 
10 structurally distinct binding sites.30  This might be sufficient, if not for the growing number of resistant 
strains harboring mutated antibiotic targets.46  Such target modifications can confer resistance to multiple 
drugs with similar binding sites, a scenario that is common, particularly among the protein synthesis 
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inhibitors.  Described below are the targets and resistance mechanisms for the twelve major classes of 
antibiotics (Figure 1.4).  Emphasis has been placed on the protein synthesis inhibitors, in particular the 
streptogramins and fusidic acid, as strains resistant to a hit antibacterial compound described in Chapter 3 
displayed an interesting cross-resistance phenotype to these two antibiotics.   
 
1.2.2.a. The inhibition of DNA replication by quinolones 
The breakage and rejoining of DNA strands by topoisomerases is essential to the supercoiling of 
DNA and, therefore, instrumental to the DNA replication process.  Ciprofloxacin and the other 
quinolones inhibit the growth of bacteria by binding topoisomerase-DNA complexes to prevent the 
rejoining of cleaved DNA.47  For quinolones, the most clinically relevant mechanism of resistance is 
RNA 
polymerase TOPO
Ribosome
PBP
Folic acid 
Biosynthesis
Sulfonamides
Cell wall biosynthesis and 
Membrane integrity
β-lactams
Vancomycin
Daptomycin
Translation
Tetracyclines
Aminoglycosides
Chloramphenicol
Oxazolidinones
Macrolides
Streptogramins
Fusidic acid
Transcription
Rifamycins
DNA replication
Quinolones  
Figure 1.4. Targets of the thirteen major antibiotic classes. 
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active efflux; however, resistance can also arise through the introduction of point mutations into 
topoisomerase-encoding genes.48,49 
 
1.2.2.b. The inhibition of transcription by rifamycins 
Rifampicin and the rest of the rifamycins inhibit actively transcribing DNA-bound RNA 
polymerases by sterically blocking the extension of short (2-3 base) RNA chains.50  Resistance to this 
class of antibiotics is gained through the introduction of single point mutations into the target gene (rpoB) 
that result in single amino acid substitutions in the N-terminus of RNA polymerase B (RpoB).51  These 
mutant enzymes show decreased binding affinities for rifamycins relative to wild-type RpoB.49  
 
1.2.2.c. The inhibition of bacterial translation by antibiotics  
The ribosome and its many moving parts provide a rich source of antibiotic targets.  This is 
exemplified by the fact that seven of the thirteen major antibiotic classes target some aspect of the 
bacterial protein synthesis machinery.  The targets of these seven antibiotic classes are described below; 
however, the process by which translation proceeds will first be briefly described to better orient the 
reader. 
 
1.2.2.c.1. Bacterial translation 
Translation is an iterative process that progresses a set of tRNAs, selected by the ribosome based 
on their complementarily to a coding mRNA, through the A-, P-, and E-sites of a 70S ribosome (Figure 
1.5).4,52  Upon recognition of a start codon on the ribosome-bound mRNA, the ribosome initiates 
translation by binding the tRNA charged with formyl methionine (fMet-tRNA) to its P-site.  To begin the 
next phase of translation, the elongation cycle, an elongation factor (EF-Tu) delivers an aminoacyl-tRNA 
(aa-tRNA) to the A-site of the ribosome.  This A-site is adjacent to the P-site and is where decoding, a 
process that ensures the accuracy of the incoming aa-tRNA, takes place.  The correct aa-tRNA will have 
the necessary geometry and shape to fully accommodate the A-site of the ribosome.  This full 
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accommodation is accompanied both by the GTP-dependent dissociation of EF-Tu from the ribosome and 
the ribosome-catalyzed peptidyl transferase reaction that shuttles the growing peptide chain from the 
peptidyl-tRNA (or fMet-tRNA) of the P-site to the aa-tRNA of the A-site.   
The ribosome moves along the mRNA to the next codon in a process called “translocation”.  This 
ratchet-like movement, catalyzed by another GTP-bound elongation factor (EF-G), shifts the acyl-tRNA 
of the P-site to the E-site of the ribosome and the peptidyl-tRNA in the A-site to the P-site.  During this 
process, EF-G hydrolyzes its bound GTP and dissociates from the complex.  This complex translocation 
step leaves the A-site empty and primed for the binding of the next aa-tRNA.  This elongation cycle is 
Figure 1.5. The elongation cycle of translation is the process most affected by protein synthesis inhibitors.  (1) This cycle 
begins with the accommodation of the correct aa-tRNA into the A-site of the ribosome. (2) The peptide chain is subsequently 
transferred to this aa-tRNA from the tRNA bound to the P-site. (3) EF-G catalyzed translocation shifts the acyl-tRNA from the 
P-site to the E-site and the peptidyl-tRNA from the A-site to the P-site.  (4)  The acyl-tRNA can then diffuse from the E-site of 
the ribosome, allowing the next elongation cycle to occur. 
 
 
11 
 
repeated until a stop codon in the mRNA is present in the A-site of the ribosome.  At this point, 
termination factors hydrolyze the peptide-tRNA bond and the various ribosomal subunits are split apart 
through a process facilitated by EF-G and ribosome recycling factors (RRF).  
 
1.2.2.c.2. Tetracyclines 
Tetracyclines inhibit the first step of peptide elongation by binding the A-site of the ribosomal 
30S subunit.52  This binding event does not prevent the aa-tRNA•EF-Tu•GTP complex from entering the 
A-site of the ribosome; however, upon GTP hydrolysis and subsequent dissociation of EF-Tu and GDP 
from the ribosome, tetracycline sterically clashes with aa-tRNA and prevents binding of its anticodon to 
the mRNA codon.53  Unable to bind the ribosomal machinery, aa-tRNA dissociates from the ribosome 
and elongation does not occur. 
The primary mechanism by which tetracycline resistance is conferred is through active efflux of 
the drug; of the 26 known bacterial efflux pumps, 23 have been shown to be active against tetracyclines.54  
Ribosomal protection proteins (RPPs) also confer tetracycline resistance.  These proteins are homologous 
to EF-Tu and EF-G and compete for binding with these elongation factors.  Upon binding to the 
ribosomal complex, RPPs weaken the binding of tetracycline and therefore dislodge the antibiotic from 
the A-site of the ribosome.55  Tigecycline, the most recently approved tetracycline derivative, binds the 
ribosomal A-site with a higher affinity than other tetracyclines and is therefore unaffected by the 
production of RPPs.54   
 
1.2.2.c.3. Aminoglycosides 
Aminoglycosides are more catalysts of mistranslation than they are translational inhibitors.  The 
polycationic nature of these antibiotics allows them to bind ribosomal RNA (rRNA) within the A-site 
with high affinity.  Once bound, these antibiotics stabilize a ribosomal conformation that allows near-
cognate tRNAs to fully accommodate the ribosomal A-site; thus, in the presence of aminoglycosides the 
frequency of erroneous amino acid incorporation increases 10- to 100-fold.52  The incorporation of 
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mistranslated membrane proteins into the cell envelope compromises the integrity of the cell membrane 
and therefore results in cell death.50,56 
There are a number of mechanisms by which bacteria become resistant to aminoglycosides.  The 
most common involves the expression of aminoglycoside-modifying enzymes such as N-
acetyltransferases, O-nucleotidyltransferases, and O-phophotransferases.56  The chemical modification of 
aminoglycosides reduces their affinity for ribosomal RNA and therefore reduces their toxic effect on the 
cell.  Another mechanism that results in decreased interaction between aminoglycosides and their target is 
the methylation of 16S rRNA.  RNA methylases expressed by resistant bacteria modify 16S rRNA at 
specific position and therefore impede aminoglycoside binding.  These RNA methylases, while less 
commonly encountered than drug inactivating enzymes, confer high-level resistance to the bacteria in 
which they are expressed.57 
 
1.2.2.c.4. Chloramphenicol 
Like tetracyclines and aminoglycosides, chloramphenincol binds the A-site of the ribosome; 
however, this binding does not reduce the affinity of the aa-tRNA for the 30S ribosomal subunit.  Instead, 
chloramphenicol inhibits the transfer of amino acid to the growing peptide chain.58  Successful translation 
requires not only binding of the aa-tRNA into the A-site, but also the correct orientation of the attached 
amino acid in the ribosome such that it can be transferred to the growing peptidyl chain.  
Chloramphenicol binds the ribosome in such a way that this orientation cannot be achieved and peptidyl 
transfer cannot occur. 
Bacteria usually circumvent the inhibitory effects of choramphenicol by producing chloramphenicol 
acetyltransferase (CAT) enzymes to inactivate the drug.59  While this is the primary mechanism of 
resistance to chlormaphenicol, others include active efflux and methylation of rRNA within the 
chloramphenicol binding site by methylase enzymes.52 
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1.2.2.c.5. Oxazolidinones 
Oxazolidinones, the most recent addition to the list of antibacterial translational inhibitors, also 
bind the A-site of the 30S ribosomal subunit.  This binding event was clearly demonstrated by an in vivo 
photocrosslinking experiment using a photoreactive 125I-labeled linezolid derivative;60 however, exactly 
how this interaction with the ribosome inhibits protein synthesis remains unclear.  Conflicting reports 
regarding the ability of linezolid to inhibit the peptidyl transferase reaction that shuttles the growing 
peptide chain from the P-site of the ribosome to the A-site exist in the literature.52  Additionally, some 
reports suggest that oxazolidinones inhibit the initiation of translation by impeding the binding of fMet-
tRNA to the ribosome.4  
Linezolid resistance arises upon mutation of 23S rRNA, which comprises the binding site for 
oxazolidinones.  Most commonly observed is the G2576U mutation of 23S rRNA, but T2500A mutations 
have also been reported.4  Since multiple copies of the 23S rDNA exist in most bacterial genomes, a 
gradient of resistance to linezolid is observed that is dependent on the number of mutant copies of the 
rDNA.  Mutation of just one rRNA gene is insufficient to gain resistance to the oxazolidones; for this 
reason, the frequency at which oxazolidinone resistance arises is incredibly low.61     
 
1.2.2.c.6. Macrolides 
 The macrolide binding pocket lies in the tunnel from which the growing peptide chain exits the 
ribosome.  By binding this site of the large ribosomal subunit, macrolides block the exit of full-length 
peptides and thereby restrict translation to short oligopeptides that dissociate from the ribosome in a 
process called “drop-off”.62   Macrolides have also been shown to prevent ribosomal assembly.  While the 
30S ribosomal subunit forms readily in the presence of these antibiotics, the formation of the 50S subunit 
is inhibited.63  This mechanism of action is less extensively studied than that involving exit tunnel 
binding; however, it has been suggested that binding of macrolides to the 30S ribosomal subunit directly 
inhibits the addition of remaining ribonucleoprotein particles required for translation. 
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 The most common mechanism of resistance to macrolides is through the expression of 
erythromycin methylases (Erm) that modify 23S rRNA at the A2058 (E. coli numbering) position.63  This 
base is particularly important for macrolide binding, and its methylation prevents interaction of rRNA 
with the 2’-hydroxyl or 3’-dimethylamino groups of the macrolide.  Mutant L4 and L22 ribosomal 
proteins also confer resistance to macrolides.  These proteins do not directly interact with macrolides; 
rather, the mutant ribosomal proteins induce altered rRNA conformations that bind macrolides with a 
lower affinity than the wild-type ribosome.52   
 
1.2.2.c.7. Streptogramins 
 The streptogramin class of antibiotics is best represented by the structurally distinct dalfopristin 
(type A, SA) and quinupristin (type B, SB).  These two streptogramins, produced together by Streptomyces 
sp and marketed as a mixture called Synercid, are individually bacteriostatic but display bactericidal 
activity in combination.4    When ribosome-bound, dalfopristin accommodates both the A- and P-sites, 
blocking the positions to which the aminoacyl portions of aa-tRNAs bind; thus, dalfopristin inhibits the 
peptidyltransferase reaction that allows peptide elongation to occur.52  However, this inhibition cannot 
simply be attributed to steric clash between dalfopristin and aa-tRNAs.  Upon binding, dalfopristin 
induces a conformational change in which U2585, a base that is instrumental to the positioning of tRNAs 
and peptide bond formation, forms hydrogen bonds with other bases within the P-site of the ribosome.  
The unavailability of U2585 to facilitate peptide bond formation inhibits peptide elongation, and the slow 
reversible nature of the conformational change induced by dalfopristin results in the continued inhibition 
of protein synthesis long after dalfopristin dissociates from the ribosome.4,52   
 The altered conformation of the dalfopristin-bound ribosome has a 100-fold higher affinity for 
quinupristin than unbound ribosomes, which accounts for the synergistic effect observed for the two 
streptogramins.4  The quinupristin binding site overlaps that of the macrolides, and, like the macrolides, 
quinupristin restricts the ribosome to the synthesis of truncated peptides.52  Because quinupristin shares a 
binding site with macrolides, it is also susceptible to the previously discussed resistance mechanism 
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involving methylation of rRNA by the Erm class of enzymes.4,52  Thus, macrolide-resistant bacterial 
strains are cross-resistant to quinupristin and other members of the type B streptogramins; however, this 
resistance does not extend to the Synercid combination, as ribosomal methylation by Erm affects 
Synercid activity only mildly if at all (Table 1.1).1,2 
 Other mechanisms of quinupristin-resistance confer a more moderate decrease in Synercid 
activity.  The Vgb lyases are responsible for the linearization of quinupristin and other drugs of the 
streptogramin B class.4  As shown in Table 1.1, the expression of these enzymes from acquired vgb genes 
results in 4-8 fold decreases in the antibacterial activity of quinupristin alone and the Synercid 
combination.2  Mutation of the ribosomal protein L22 has also been shown to confer resistance to 
quinupristin.  Multi-base insertions or deletions to or from the C-terminus of the rplV gene encoding L22 
results in decreased binding affinity of quinupristin to the 30S ribosomal subunit.3  This decreased 
binding affinity confers a 4-fold decrease in quinupristin activity and an 8-fold decrease in activity of the 
Synercid combination.  As one would predict based on the shared binding site of quinupristin and 
macrolides, this mutation also confers resistance to erythromycin of the macrolide class of antibiotics.3   
 Because the binding of dalfopristin greatly affects the ability for quinupristin to bind the 
ribosome, one would expect that mechanisms involving the inactivation or elimination of dalfopristin 
would  most effectively reduce the activity of the Synercid combination.64  However, dalfopristin 
enzymatic inactivation by Vat acetyltransferase results in only a mild decrease in Synercid activity (Table 
1.1).2  Vat acetyltransferase transfers an acetyl group from acetyl-CoA to the hydroxyl group of 
dalfopristin.  This hydroxyl is essential for dalfopristin activity, as it interacts extensively with rRNA 
within the dalfopristin binding pocket.4  The acquisition of the genes that encode Vat, vat in S. aureus and 
satA in E. faecium, confers resistance that decreases the activity of dalfopristin alone by 8-fold; however, 
only a 2-fold decrease in Synercid activity against such resistant strains is observed.2,4  Dalfopristin 
resistance is also gained through the acquisition of the vga gene, a less extensively studied resistance 
determinant that is believed to encode an efflux pump.4    
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 While individual resistance determinants for quinupristin and dalfopristin confer only mild to 
moderate resistance to Synercid, more dramatic losses of antibacterial activity are observed when they are 
acquired in combination.    This effect is best exemplified by the coexpression of Vat and Vgb by S. 
aureus.2  Individually, these resistance determinants decrease Synercid activity by factors of 2-4; 
however, when co-expressed, a 16-fold reduction in Synercid activity is observed (Table 1.1).  This 
scenario is clinically relevant, as streptogramin-resistant E. faecium and S. aureus clinical isolates 
typically harbor multiple resistance determinants.2,65  
 
1.2.2.c.8. Fusidic acid 
 Widely prescribed in Europe and Australia for the treatment of S. aureus infection, fusidic acid 
exerts its antibacterial activity by binding GTP-bound EF-G.52,66  This binding event does not affect the 
ability of EF-G to bind the ribosome or to hydrolyze GTP; rather, fusidic acid traps GDP-bound EF-G in 
a ribosome-bound conformation.52  While the precise mechanism by which fusidic acid locks EF-G in this 
conformation is unknown, it has been suggested that the drug binds at the interface of EF-G domains I 
and III and stabilizes their association; these two domains dissociate from one another to release EF-G 
Resistance
determinant Quinupristin Dalfopristin Synercid
None 1 1 0.25
ermB 16 1 0.25
vgb 8 1 1
vat 1 8 0.5
ermB + vat 8 16 1
ermB + vgb 8 1 1
vat + vgb 8 16 4
ermB + vat+ vgb 16 16 4
wt rplV 2 4 0.25
mutant rplV 8 4 2
 
Table 1.1. Streptogramin resistance conferred to S. aureus by the expression of cloned resistance determinants.  MICs against S.
aureus expressing mutant rplV are to be compared to that expressing wild-type rplV. 1-4 
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from the ribosome.52 The inability of EF-G to dissociate from the ribosome stalls translation, as the 
ribosome is unable to continue to the next elongation cycle.   
 There are several mechanisms by which S. aureus gains resistance to fusidic acid.  The most 
extensively studied is that involving the mutation of fusA, the gene that encodes EF-G.  Over 30 different 
resistance-conferring fusA mutations have been identified, most of which encode amino acid substitutions 
in domain III of EF-G.52,67  These mutant EF-G proteins have been shown to bind fusidic acid with lower 
affinity than does wild-type EF-G.67  Another target mutation that has recently been shown to confer 
fusidic acid resistance is that of ribosomal protein L6.67  This protein directly interacts with EF-G and its 
mutation appears to place a burden on the translational process, as fusidic acid-resistant S. aureus strains 
harboring rplV mutations display a small colony variant (SCV) phenotype due to their slow growth 
relative to wild-type S. aureus.66-68 
 The most common form of fusidic acid resistance arises upon acquisition of the fusB gene.66  This 
gene, typically harbored on plasmid pUB101, encodes a 25 kDa protein that has been shown to bind EF-G 
in vitro.66  It is thought that this FusB protein confers fusidic acid resistance by protecting EF-G from the 
binding of fusidic acid; however the precise nature of this protection is currently uncharacterized.  Two 
possible mechanisms have been proposed:  FusB may facilitate the dissociation of fusidic acid-bound EF-
G from the ribosome by promoting a conformational change that allows EF-G release.69  Alternatively, 
FusB may simply compete with fusidic acid for EF-G binding without disrupting the translational 
process.69  Additional work is needed to define the precise role of FusB in the acquisition of fusidic acid 
resistance by S. aureus.   
 
1.2.2.d. The inhibition of cell wall biosynthesis by β-lactams 
The peptidoglycan layer of bacterial cell walls is crosslinked together through the catalysis of 
peptide bond formation by penicillin-binding proteins (PBPs).  By mimicking the terminal D-Ala-D-Ala 
dipeptide of peptidoglycan precursors, the β-lactams act as substrates for these PBPs and inhibit the 
enzymes through the covalent modification of their active sites.50  To gain β-lactam resistance, bacteria 
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express an additional PBP that binds β-lactams with lower affinity than traditional PBPs.70  Another 
mechanism of β-lactam resistance involves the expression of β-lactamase enzymes, which inactivate the 
drugs by catalyzing the opening of their characteristic 4-membered ring.70   
 
1.2.2.e. The inhibition of cell wall biosynthesis by glycopeptides 
Vancomycin and the remaining glycopeptides are also inhibitors of peptidoglycan synthesis.  
These antibiotics bind the D-Ala-D-Ala dipeptide of peptidoglycan precursors and sterically block their 
crosslinking.71  Resistance to vancomycin is conferred by the vanA operon, which encodes the machinery 
to synthesize peptidoglycan precursors with terminal D-Ala-D-Lac dipeptides instead of the conventional 
D-Ala-D-Ala dipeptides.49  The affinity of  the glycopeptides for the D-Ala-D-Lac dipeptide is 1000-fold 
less than that for their natural targets.71   
 
1.2.2.f. The disruption of cell walls by daptomycin 
The mechanism by which daptomycin exerts its antibiotic activity is not well understood.  It is 
clear that daptomycin depolarizes the cell membrane in a Ca2+-dependent manner; however, while it has 
been suggested that this phenotype is due to daptomycin-induced pore formation in the cell membrane, 
the presence of a distinct enzymatic target has not been ruled out.72,73  Clinical resistance to daptomycin is 
presently infrequent; however, resistant mutants have been generated in the laboratory setting.  These 
resistant strains were found to harbor mutations in mprF, the gene encoding enzymes responsible for the 
addition of lysines to phosphatidyl- glycerol.73  The reduction in the number of lysines on the surface of 
the cell likely changes the polarization of the membrane, a characteristic that may be important for 
daptomycin activity.72   
 
1.2.2.g. The inhibition of folic acid biosynthesis by sulfonamides 
Structural analogues of para-aminobenzoic acid (PABA; Figure 1.6), the sulfonamide antibiotics 
inhibit folic acid biosynthesis by competing with PABA for binding to dihydropteroate synthase 
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(DHPS).58,74  This enzyme is responsible for incorporating PABA into dihydropteroic acid in the second-
to-last step of the folic acid synthesis pathway.75  Sulfonamide-resistant strains generally harbor single-
point mutations in folP, the gene encoding DHPS.  Mutant DHPS enzymes bind sulfonamides with lower 
affinity; however, this resistance mechanism is costly to the organism as the efficiency at which mutant 
DHPS incorporates PABA into dihydropteroic acid is 150-fold less than wild-type DHPS.75 
 
1.3. ANTIBACTERIAL DISCOVERY AND DEVELOPMENT 
The road from antibacterial discovery to market release is a long and expensive journey.76  
Factors including low hit rates in high-throughput screens, nonspecific antibacterial modes of action, and 
failure to display activity in vivo all contribute to the high attrition rate observed in the antibacterial 
pipeline.77  To increase the probability of successful antibacterial development and to limit the amount of 
time and money spent on ultimately unsuccessful compounds, careful choices regarding method of 
discovery must be made and a battery of follow-up assays to identify leads with the highest probability of 
success in vivo must be performed.   
 
1.3.1. Target-based antibiotic discovery 
The publication of the complete genomic sequence of Haemophilus influenza in 1995 exposed a 
flood of potential antibacterial targets and spurred new efforts to identify small molecules that exploited 
these targets to kill bacteria.77-79   While the absence of many of the identified targets was shown to 
attenuate bacterial growth in mouse models of infection, efforts to identify small molecules that exploited 
Sulfonamide PABA
 
Figure 1.6.  The sulfonamide antibiotics inhibit folic acid biosynthesis by mimicking the structure of PABA, a precursor to folic
acid. 
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these targets to achieve similar levels growth inhibition in bacteria have yet to be successful.77  Described 
below are the merits and pitfalls of such a target-based approach for the identification of novel 
antibacterial compounds.  
 
1.3.1.a. High-throughput screening 
The identification of antibacterial compounds that exert their effect through a selected mode of 
action is an intriguing prospect.  First and foremost, this strategy eliminates the need to elucidate the 
mechanism by which a compound exerts it antibacterial activity.80  This is significant, as target 
identification, while necessary for compound optimization and toxicity prediction, can be a long and 
arduous task.77,80,81  The careful selection of antibacterial target also ensures target novelty, a quality that 
has the potential to define the success of a compound in the clinical setting, as target-mediated resistance 
to such a compound is less likely to exist in the clinic at the time of its introduction.80  Finally, the target-
based approach typically involves the in vitro screening of small molecule modulators of the chosen 
target.  Thus, compounds are not required to pass through a bacterial membrane to exert their effect and 
therefore be identified from the screen.  On the other hand, failure of a compound to reach its intracellular 
target due to cell impermeability prevents the compound from eliciting its potential antibacterial effect.  It 
can be very difficult to reengineer such compounds to improve their cell permeability without affecting 
their desired in vitro activities.81   
Another disadvantage to this approach, the necessity of eliminating nonspecific enzyme inhibitors 
from the list of potential leads, is a consequence of using high throughput screening strategies to identify 
target inhibitors.  Small molecule aggregation is a phenomenon that has recently garnered attention due to 
the in vitro promiscuity of these aggregates against a range of biological targets.82,83  Aggregating 
compounds are believed to exert their activity through the sequestration of enzymes, rather than through 
the binding of enzyme active sites; thus, their nonspecific effects not only complicate in vitro target 
validation assays and other follow-up experiments, but also diminish their clinical utility, as promiscuous 
activity in vivo could result in undesirable side-effects.    
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1.3.1.b. Structure-based design 
Inspired by the successful application of structure-based design to the discovery of novel 
HIV/AIDS treatments, many are pursuing this technology as a tool for antibiotic discovery.84  This 
method is attractive, as one is not limited to compounds that they physically possess (or that have been 
previously synthesized) and the structures of small molecule target modulators can be designed to mimic 
natural ligands of the target.  Indeed, the structures of several clinically used antibiotics (β-lactams and 
sulfonamides, vide supra) mimic those of natural ligands, and the activities of these drugs are accredited 
to this similarity.  This target-based strategy is limited, however, by the necessity of a target three-
dimensional structure, and, as previously discussed, the success of identified compounds is contingent on 
their ability to permeate the cell membrane.80 
 
1.3.2. Antibiotic discovery through whole cell screening approaches 
Whole cell screening, or the identification of antibiotics through the growth inhibition phenotype, 
is historically the most successful method of antibiotic discovery, as all clinically available antibiotics 
were discovered in this manner.35,77,81,85  The major advantage of this approach is an obvious one:  lead 
compounds are identified by their ability to inhibit the growth of bacteria.  Thus, hit compounds from 
whole cell screens already possess the minimal characteristic required to proceed to the antibiotic 
development process.  Unfortunately, these compounds also often possess other characteristics that make 
them clinically undesirable, such as nonspecific membrane disruption activity.80  Nonspecific membrane 
disruptors are typically toxic to eukaryotes and must be identified and eliminated early in the 
development process.  The major hurdle faced when employing any phenotype-based screen is target 
identification.6,77,80  As previously mentioned, determining the mechanism by which a compound exerts 
its antibacterial activity is nontrivial and can be a complicated and time-consuming process.  The details 
of this process will be discussed in Section 1.3.3.h. 
 
 
 
 
22 
 
1.3.3. Antibiotic development 
The goal of antibacterial preclinical development is not only to identify candidate antibiotics with 
the greatest potential of success in vivo, but also to optimize the structures of hit compounds that display 
clinically undesirable qualities.  With these goals in mind, one could argue that this stage of the discovery 
and development process is the most important, as decisions made in this process significantly influence 
the success of candidate antibiotics in clinical trials.  This importance is exemplified by the attrition rate 
of candidate antibiotics within the preclinical development stage, as this process is comprised of a 
“gauntlet” of in vitro assays designed to assess the pharmacological properties of a candidate antibiotic 
(Figure 1.7).  The chronological order in which these assays should be performed is arbitrary, as they 
should all be performed eventually before progression of lead compounds into clinical trials; however, as 
some of the simplest assays are also the most informative (e.g. assays for hemolysis and serum-binding), 
Compound is nonhemolytic?
NoInhibits S. aureus growth 
with MIC90 ≤ 16-32 µg/mL?
Inhibits bacterial growth 
in the presence of serum?
Spontaneous Resistance Frequency < 10-6?
Compound is selectively toxic to bacterial cells?
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OUT
OUT
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No No
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Figure 1.7.  The “gauntlet” of antibacterial development can be used to identify compounds with the highest probability of
success in vivo. 
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it is prudent to perform these first in order to eliminate the further evaluation of nuisance compounds in 
more time-consuming assays.  The clinical relevance and execution of the individual assays comprising 
the “gauntlet” of preclinical development will be discussed in this section. 
 
1.3.3.a. Minimum inhibition concentration (MIC) determination  
Minimally, a candidate antibiotic must inhibit the growth of bacterial cells in culture.  As 
discussed above, compounds discovered from target-based screens sometimes lack antibacterial activity; 
therefore, it is essential to assess the activity of such compounds against bacterial culture.  In addition, 
regardless of the screening strategy by which they were identified, the structure and purity of hit 
compounds obtained from screening collections should always be verified by assessing the antibacterial 
activity of freshly synthesized compound.   
Antibacterial activity is quantified by determining the minimum inhibitory concentration (MIC) 
of a compound.  The MIC is defined as the lowest concentration of compound that inhibits visible 
bacterial growth after overnight incubation at 37°C.86,87  There are two methods by which this value can 
be determined: the agar dilution method and the broth microdilution method.88  The agar dilution method 
involves the spotting of a known number of bacterial cells onto nutrient rich agar plates, each containing a 
different concentration of test compound.  Plates are incubated at 37°C overnight, and the colony-free 
plate containing the lowest compound concentration contains the test compound at its MIC.  Aside from a 
standard incubator, this method requires no specialized equipment, making it an attractive option.  
However, as 10-15 mL molten agar is used to fill each plate, this method requires a large quantity of 
compound to test a range of appropriate concentrations (usually 2-fold dilutions of 128 µg/mL down to 
0.125 µg/mL).88  The broth microdilution method, however, is performed in 96-well plates and therefore 
requires significantly less test compound.  This method uses liquid media containing a range of test 
compound concentrations that is inoculated with a defined number of bacterial cells.  After overnight 
incubation of plates at 37°C, growth can be assessed by visual inspection of turbidity in each well or, in a 
more quantitative manner, by measuring the absorbance of each well at 600 nm using a 
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spectrophotometer.  This more quanititative approach to MIC determination is the most commonly used 
and, as a result, a compound’s MIC is now often expressed as its MIC90, that is, the concentration of 
compound required to inhibit over 90% growth relative to a positive growth control.   
The choice of threshold MIC concentration required to warrant further study of an antibacterial 
compound is somewhat arbitrary.6  With the exception of a few antibiotics such as linezolid and 
chloramphenicol, the MICs of most clinically available antibiotics against Gram-positive pathogens are 
below 1 µg/mL.86,87  However, the structures of most of these antibiotics have been optimized over 
decades of study to display the highest possible level of antibacterial activity.  Therefore, for unoptimized 
antibacterials, thresholds of up to 16-32 µg/mL have been suggested to be sufficient for primary hit 
compounds.6   
 
1.3.3.b. Hemolytic assays as tools to identify nonspecific membrane disruptors 
The identification of compounds that kill bacteria through nonspecific membrane disruption is a 
common occurrence when performing high throughput whole cell antibacterial screens.77,81  The potential 
toxicity of these compounds due to their ability to disrupt eukaryotic membranes, including those of red 
blood cells, makes them undesirable leads for candidate antibiotics.81  Surprisingly little information 
regarding general structural features characterizing nonspecific membrane disruptors exists; however, 
many of such compounds identified by GlaxoSmithKline in the late 1990s were described as lipophilic 
and positively charged.77   
The activity of these compounds against the membranes of red blood cells has been exploited to 
provide a facile assay to identify such nuisance compounds (Figure 1.8).  This hemolysis assay is 
commonly used in industry and involves the incubation of washed erythrocytes with MIC concentrations 
of compound.  The drug-induced lysis of erythrocytes results in the release of intracellular hemoglobin 
into the surrounding medium.  This hemoglobin is then detected by measuring the absorbance of the 
cleared medium at 540 nm.77,81,89  Thus, high levels of absorbance correspond to nonspecific membrane 
disruption.  The level of hemolysis is typically expressed as a percent relative to a positive control 
 
 
25 
 
containing either deionized water to increase the osmotic fragility of the erythrocytes or a surfactant 
solution containing either triton X-100 or sodium dodecyl sulfate (SDS).89  
 It is unclear from the literature what levels of hemolysis in this assay are considered acceptable; 
however, in an assay performed in our lab, no hemolysis was observed in the presence of any of twelve 
clinically used antibiotics of various mechanistic classes (see section 3.3.2.), suggesting that antibiotics 
that exert their activities through specific mechanisms of action are, in general, nonhemolytic.  Hemolytic 
compounds should be identified and discarded early in the preclinical development process in order to 
avoid the pursuit of potentially toxic compounds over other primary hits with a higher probability of 
clinical success.  
 
1.3.3.c. The effect of serum on antibacterial activity 
Human serum albumin (HSA), the most abundant protein in the human plasma, binds a wide 
variety of endogenous ligands with micromolar affinity.90  In the context of antibiotic pharmacokinetics, 
this binding can be a significant factor, as HSA binding can enhance drug solubility, protect against 
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Figure 1.8.  Hemolysis assays should be performed on antibacterial compounds to ensure they do not exert their activity through
the nonspecific disruption of membranes.  The release of hemoglobin from red blood cells upon incubation with compound can
be assessed by measuring the absorbance at 540 nm. 
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oxidation, and aide in the distribution of antibiotics to sites of infection.90,91  HSA binding becomes 
problematic, however, when the percentage of bound antibiotic exceeds 70-80%, as the interaction of the 
drug with HSA significantly reduces the concentration of unbound, active antibiotic in the bloodstream.91  
Thus, the activity of some antibacterial compounds can be reduced considerably in the presence of human 
serum, and the activity of all hit compounds from screens for antibacterials should therefore be tested in 
the presence of serum.  This is simply accomplished by determining MICs using the broth microdilution 
method (described in Section 1.3.3.a.) and media supplemented with up to 50% human serum. 
The vast amount of structural information collected for the HSA protein92-95 has allowed the 
development of molecular docking software to predict the percentage of ligand binding to HSA.96-98 Two 
major sites of ligand interaction have been identified.  Site I, the largest binding pocket of HSA, can bind 
multiple small ligands or individual ligands as large as bilirubin.90  The interior of this pocket is 
composed of hydrophobic side chains, but the entrance is lined with positively charged residues; thus, 
negatively charged bulky heterocylic molecules tend to bind the pocket at site I.90 Site II is a much 
smaller and narrower pocket, and has a higher affinity for negatively-charged aromatic carboxylic acids.90  
The in silico docking of antibacterial compound into these two sites allows a binding constant for ligand-
HSA binding to be calculated.97  This information, along with weighted molecular descriptors such as 
compound lipophilicity and polar surface area, is then used to estimate the percent of compound that 
should be HSA-bound.98 
The attenuation of antibacterial activity by human serum is not a death sentence for lead 
antibacterial compounds; structural optimization of compounds to reduce HSA binding is well-
precedented.99-101  The hydrophobic binding pockets at site I and site II of HSA tend to bind more 
lipophilic ligands; thus, in general, serum binding decreases with increasing hydrophilicity.90,102  Indeed, 
this factor has been shown to be one of the largest contributors to HSA binding.103  The affinity of HSA 
site II for carboxylic acids presents another option for structural modification of serum binders, as the 
introduction of bulky or hydrophobic substitution adjacent to the acidic functionality has been shown to 
reduce HSA binding.100  Finally, unsubstituted six-membered rings also contribute to HSA binding.  The 
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introduction of branched alkyl substituents onto these rings or their replacement by five-membered 
heterocycles has been shown to alleviate the effects of serum binding to these compounds.101,103    
It was recently discovered that HSA binding is not the only mechanism by which serum can 
affect antibacterial activity.  Inhibitors of fatty acid biosynthesis, platensimycin and platencin, have 
garnered much attention in recent years due to the novelty of their mode of action.104,105  However, these 
antibacterials were rendered inactive in the presence of 50% serum as platensimycin-treated bacteria were 
able to incorporate fatty acids from the human serum into their membranes.106  As the environment of in 
vivo infections is typically rich in fatty acids, these results call into question the clinical utility of 
inhibitors of fatty acid biosynthesis.  In addition, they also demonstrate the importance of assessing in 
vitro antibacterial activity under conditions that best match those in vivo.107   
 
1.3.3.d. Resistance frequency determination 
The emergence of antibiotic resistance to every clinically available antibiotic suggests that no 
antibacterial is unbeatable.  Antibiotic resistance is inevitable; therefore, it is necessary to carefully study 
the frequency at which resistance to novel antibacterials arises and the mechanisms by which such 
resistance is conferred.  While antibiotic inactivation and active efflux are both commonly encountered 
resistance mechanisms, it is target mutation that is most frequently studied in this context.  The 
elucidation of this mechanism is the most informative from a preclinical development standpoint, as 
identification of the mutations that confer resistance provide clues to the antibacterial mode of action (See 
Section 1.3.3.h.).   
The propensity of bacterial strains to develop resistance-conferring target mutations is expressed 
as the frequency of spontaneous resistance generation.  The spontaneous resistance frequency is defined 
as the number of resistant mutants per viable cells that grow after an established period of time.6  This 
frequency is determined by plating aliquots of bacterial culture onto agar containing antibacterial 
compound at 2-4 times its MIC.6,108  Aliquots are also plated onto nonselective agar plates to determine 
the number of viable bacterial cells in the culture.  Antibacterial plates are then incubated for up to 96 
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hours to allow even slow-growing mutants to form visible colonies.  To verify that colonies are indeed 
resistant to the antibacterial and are not simply a product of “breakthrough” growth, the colonies should 
be subcultured in media containing antibacterial compound at the concentration at which resistance was 
generated.  Additionally, it is prudent to test the antibacterial compound for decreased efficacy against 
those colonies that proliferate in compound-containing liquid media.6  
The predictive power of in vitro-determined resistance frequencies remains contested, as many 
argue that physiological factors such as carbon source availability, hypermutable bacterial strains, and 
antibiotic-induced mutagenesis can significantly affect the frequency at which target-based resistance is 
acquired in vivo.61,109,110  In addition, the fitness of resistant strains relative to wild-type strains in vivo is a 
determining factor for the proliferation and clinical relevance of the resistance-conferring target mutation.  
However, it still holds true that all therapeutically useful antibiotics display in vitro resistance frequencies 
lower than 10-6, and those for which resistance is generated at frequencies between 10-6 and 10-8 are 
typically only useful in combination with other antibiotics (Table 1.2).3,6,9,11,61  Therefore, these 
frequencies are often used as the thresholds to predict the therapeutic utility of antibacterial compounds.6   
  
1.3.3.e. Cytotoxicity 
While in vivo maximum tolerated dose (MTD) studies (see section 1.3.3.i) are the only truly 
reliable method by which to assess the toxicity of antibacterial compounds, cytotoxicity screens against 
mammalian cell culture can be used to prioritize a collection of antibacterial compounds.6  Cytotoxicity 
Antibiotic Resistance frequency S. aureus strain
Fusidic Acid 8 × 10-7 8325-4
Rifampicin 2 × 10-7 8325-4
Ciprofloxacin 3 × 10-8 RN4220
Quinupristin-Dalfopristin 9.5 × 10-10 RN4220
Daptomycin < 10-10 SA-12871
Benzyl penicillin < 10-11 8325-4
Vancomycin < 10-11 8325-4
Linezolid < 10-11 8325-4
 
Table 1.2.  Spontaneous resistance frequencies are listed for various S. aureus strains and antibiotics.  All listed antibiotics are
clinically useful; however, fusidic acid and rifampicin are used in combination due to the ease with which strain develop
resistance to these antibiotics.6  
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assays for antibacterials typically involve the incubation of a range of compound concentrations with a 
chosen mammalian cell line for 24 hours followed by the assessment of cell death using an appropriate 
cell proliferation assay, such as sulforhodamine B or MTT.  One might expect that cytotoxicty screens 
would be complicated by the abundance and variety of available cell lines from which to choose; 
however, in a data mining study of a cytotoxicity database of the National Cancer Institute’s 
Developmental Therapeutics Program, Bugelsky and coworkers showed that cell line choice has a 
surprisingly minimal effect on the outcome of cytotoxicity screens.111  Therefore, the cytotoxicity of lead 
antibacterial compounds can be evaluated using any cell line to which one has access.  
For antibacterials, the interpretation of cytotoxicity data can be complicated, as no standard 
threshold for acceptable in vitro toxicity has been defined.  In an attempt to remedy this deficit, 
researchers at GlaxoSmithKline demonstrated that compounds that displayed IC35 < 10 µM against 
Chinese hamster ovary cells were more likely to be acutely toxic in vivo.112  Using this threshold, they 
were able to successfully predict in vivo toxicity for 50 of the 54 tested compounds.  However, as more 
active antibacterial compounds should require lower doses to be effective, it seems more reasonable to 
assign an in vitro toxicity threshold that is relative to the activity of the antibacterial in question.  While it 
has been suggested that compounds that display greater than 10-fold selectivity against bacterial cells 
over mammalian cells in vitro are less likely to be toxic in vivo, little justification of this claim has been 
presented.6  The thresholds used by individual researchers or companies appear to be set on the basis of 
personal preference rather than on empirical evidence; however, it is generally agreed upon that hit 
compounds should not be eliminated as potential candidate antibiotics based on the results of cytotoxicity 
studies alone.6,111,112   
 
1.3.3.f. Spectrum of activity 
Historically, the general opinion of the medical community regarding antibiotic spectrum has 
been “broader is better”.31  This position is not unjustified; when treating severe infections, doctors do not 
always know the causative pathogen, and the empirical assessment of narrow-spectrum treatment efficacy 
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takes precious time.  Indeed, the mortality rate associated with patients who initially receive an ineffective 
narrow-spectrum antibiotic is significantly higher than those who receive an effective broad-spectrum 
treatment, even when unresponsive infections are subsequently treated with broad-spectrum antibiotics.113   
However, the deficit of novel broad-spectrum antibiotics available for the treatment of multi-drug 
resistant infections and the emergence of specific problematic pathogens such as MRSA has lowered the 
bar for antibacterial spectrum, as a niche has emerged for narrow-spectrum antibiotics, particularly those 
active against Gram-positive pathogens.31   
Another reason for the shift in the antibiotic imperative is the realization that the disruption of the 
human microbiota by broad-spectrum antibiotics can have severe negative consequences.31  Digestion, 
metabolism, and immunological response to invading pathogens are greatly aided by the gut 
microbiota.114  The disruption of these vital processes by the antibiotic-induced eradication of the gut 
microbiota can cause disease of the GI tract, including irritable bowel syndrome (IBS) and Clostridium 
difficile-associated diarrhea.115,116  An opportunistic pathogen that competes for resources in the gut of 
healthy individuals, C. difficile has emerged as a severe complication of broad-spectrum antibiotic 
administration.  The identification of particularly virulent C. difficile strains in hospitals worldwide has 
recently garnered much attention from the medical community and has forced a reevaluation of the merits 
of narrow-spectrum antibiotic therapy.6,31,115   
 
1.3.3.g. Bactericidal antibacterial activity 
Antibiotics can exert their activity in either a bactericidal manner (by actively killing bacterial 
cells) or a bacteriostatic manner (by simply inhibiting their growth).  Antibiotics displaying each of these 
activities are used in the clinic and, with the exception of certain diseases such as endocarditis and 
meningitis for which bactericidal antibiotics are considered necessary, little evidence exists to suggest that 
either type of activity more effectively clears infection than the other.117,118  It is necessary to determine 
the nature of antibacterial action against relevant bacterial strains, not only to define a compound’s 
treatment potential for those diseases better treated by bactericidal antibiotics, but also to provide clues as 
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to its mechanism of action, as protein synthesis inhibitors tend to display bacteriostatic activity while 
other antibiotics are generally bactericidal (Table 1.3).6  
By definition, antibiotics are bactericidal against a specific bacterial strain if they kill 99.9% of a 
bacterial population after 18-24 hours of incubation.6  There are two methods by which antibacterial 
compounds can be assessed for this activity.  While the determination of a compound’s killing kinetics is 
the most commonly-used method, many describe the determination of minimum bactericidal 
concentrations (MBCs) as the most reliable way to assess bactericidal activity.117,118  The determination of 
killing kinetics for an antibacterial compound involves the incubation of bacterial cultures with several 
concentrations of compound for 24 hours.  At defined points during this incubation, an aliquot is removed 
from the culture and spread onto nonselective agar plates to determine the number of viable bacterial cells 
in the culture.  Bactericidal activity is indicated by a 3-log10 reduction, the equivalent of 99.9% cell death, 
in the number of viable cells in the presence of antibacterial compound.  The advantage of this method is 
that one can observe the time- and concentration-dependent effects of a compound; these effects can be 
important when determining dosing strategies for antibacterial compounds (See Section 1.3.3.i.).118 
The MBC for an antibacterial is easily determined immediately following the use of the broth 
microdilution method for MIC assessment (vide supra).  After incubation of the MIC plate for 18-24 
hours, the compound- and vehicle-treated cultures are each spread onto nonselective agar plates to 
Bacteriostatic Bactericidal
Erythromycin β-lactams
Tetracycline Vancomycin
Chloramphenicol Quinolones
Sulfonamides Aminoglycosides
Fusidic acid Rifampicin
Linezolid Streptogramins
Daptomycin
 
Table 1.3. Bactericidal activity is not a quality of the antibiotic alone, but rather a description of the interaction between drug and
bacterial strain. However, antibiotics do tend to display one of the two activities.  With the exception of the aminoglycosides and
quinupristin and dalfopristin in combination, protein synthesis inhibitors usually display bacteriostatic activity. 
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determine the number of viable cells in each culture.  The MBC for a test compound is the lowest 
concentration that allows the growth of only 0.1% of the number of cells in the vehicle-treated control.117  
When using this method, bactericidal activity is indicated by a ratio of MBC to MIC no greater than 4.6,117  
Regardless of the method used to assess bactericidal activity, it should be noted that this assessment is 
only valid for the particular bacterial strain tested; it is not a quality of the compound, but rather a 
description of the interaction of that compound with the bacteria.6   
 
1.3.3.h. Mechanism of action elucidation 
There is much to be gained by elucidating the mode of action for antibacterial compounds.  
Knowledge of a drug’s target not only provides the opportunity for rational design of more active 
derivatives, but can also allow one to predict target-associated toxicity issues that a compound might 
display against eukaryotes.6,119  In an exceedingly fortuitous circumstance, one may even identify a novel 
target by which compounds can exert antibacterial activity.  As previously described, this stage of 
antibacterial development can be a complex and time-consuming process; therefore, many tools have 
been developed to facilitate target identification for compounds displaying antibacterial activity. These 
same tools can be used to validate the target for compounds identified from a target-based approach.   
 
1.3.3.h.1. Potassium leakage   
Often used in conjunction with hemolysis assays to identify nonspecific membrane disruptors, 
potassium leakage assays are used to detect compounds that compromise the integrity of bacterial cell 
membranes.77  This detection is accomplished by measuring potassium levels in bacterial media after a 
period of compound incubation, as the disruption of bacterial cell membranes causes intracellular 
potassium to spill into the extracellular environment.  While compounds that induce this potassium 
leakage and cause the hemolysis of red blood cells are unlikely to be clinically useful, compounds that 
selectively cause perturbations in bacterial cell membranes can be useful antibiotics.77  Indeed, the most 
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recently discovered novel antibiotic, daptomycin, induces rapid release of potassium from bacterial cells, 
but has no effect on human erythrocytes.120,121   
There are several available methods by which one can measure potassium levels in this context.  
Elemental analysis technologies such as atomic absorption and inductively coupled plasma (ICP) mass 
spectrometry have historically been used for this purpose;120,122 however, the development of potassium-
specific fluorescent dyes have increased the throughput of these experiments dramatically. Potassium-
binding benzofuran isophthalate (PBFI), the most commonly used for such assays, is a fluorophore-linked 
crown ether that selectively binds potassium ions.123,124  The binding of potassium ions to PBFI 
dramatically narrows its excitation peak at 346 nm such that increased potassium levels can be indicated 
by an increase in the ratio of excitation intensity at 340 nm to 380 nm.125  Therefore, required equipment 
to use such potassium-specific dyes is limited to a standard fluorimeter, making them attractive options 
for the assessment of cell membrane integrity.  However, when using PBFI and other potassium-specific 
dyes for this purpose, one must ensure that the antibacterial compound in question does not interfere with 
the  excitation of the flurophore. 
 
1.3.3.h.2. Macromolecular synthesis assays 
The classic approach to obtaining mechanistic information for antibacterial compounds is by 
examining their effects on the biosynthesis of the major bacterial macromolecules (DNA, RNA, proteins, 
lipids, and peptidoglycan).6  The identification of the major bacterial process affected by an antibacterial 
compound can provide focus for more detailed mode of action experiments.  These macromolecular 
synthesis assays involve the introduction of a radiolabeled precursor of a particular macromolecule into 
bacterial culture treated with antibacterial compound (Figure 1.9). This precursor is allowed to 
incorporate into its corresponding macromolecule for ten minutes, after which macromolecules are 
precipitated by the addition of trichloracetic acid and isolated by filtration.122  Filters are counted by liquid 
scintillation and inhibition of the macromolecular process by the antibacterial compound is indicated by 
diminished levels of radioactivity relative to controls containing only vehicle.  For example, an inhibitor 
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of protein synthesis will inhibit the incorporation of [3H]-leucine into protein but will not affect the 
incorporation of [3H]-thymidine into DNA.  
Several aspects of this experiment are worthy of further clarification and discussion.  First, short 
incubation periods are required for the selective inhibition of the macromolecular biosynthetic pathway 
that is directly affected by the compound.122  Experiments performed using incubation times longer than 
15-20 minutes are complicated by the appearance of downstream effects to the compound’s primary mode 
of action.  For example, an inhibitor of DNA replication will eventually cause inhibition of transcription 
and translation, as templates for these processes become less readily available.  Macromolecular synthesis 
experiments performed with long incubation times will therefore fail to indicate selective inhibition of 
DNA replication.  Rather, pan-inhibition of DNA, RNA, and protein synthesis will be observed and little 
information will be gleaned from such an experiment. 
The color quenching of scintillation fluid can also complicate the interpretation of 
macromolecular synthesis experiments.  This effect is observed when photons produced by the 
scintillation fluid in response to radiation are absorbed or scattered by highly colored test 
 
Noninhibitor
Inhibitor
10 min 
incubation 
at 37°C
15% TCA
15% TCA
Filter precipitated 
macromolecules 
and count 
radiation
[3H] – Thymidine
[3H] – Uridine
[3H] – DNA
[3H] – RNA
= Radiolabeled Precursor
[3H] – Leucine
[3H] - GlcNAc
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[3H] - Peptidoglycan
High radioactive 
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Figure 1.9. Macromolecular synthesis assays, the classic approach to mode of action elucidation, are used to identify inhibitors 
of  a particular cellular process.  Counts per minute = CPM. 
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compounds.126,127  Therefore, such compounds will often appear to inhibit the biosynthesis of all 
macromolecules tested when, in fact, they are instead interfering with the detection of photons by the 
scintillation counter.  This problem is so common that many scintillation detectors are now equipped with 
software to account for color quenching; however, when working with colored antibacterial compounds, 
one should be aware of possible interference with macromolecular synthesis assays and perform 
necessary controls to ensure data validity. 
 
1.3.3.h.3. Resistant mutant analysis 
Efforts to elucidate the mode of action for an antibacterial compound can be greatly facilitated by 
the generation of resistant strains.  Spontaneous generation of these strains as described in Section 1.3.3.d. 
promotes the conferral of resistance via mutation of the antibacterial target, and some information 
regarding the compound mode of action can therefore be gleaned from resistance frequency alone.  As 
compounds with only one target are vulnerable to inactivation via target modification, such compounds 
are indicated by resistance frequencies on the higher end of the spectrum (resistance frequencies between 
10-6 and 10-9).6   
Although antibiotic cross-resistance is clinically undesirable, its observation can be illuminating 
in the context of target identification.31  Antibacterial-resistant strains are often tested for cross-resistance 
to antibiotics of known target, as compounds with similar binding sites will display similar resistance 
profiles when conferred via target mutation.6  For example, the shared binding site of macrolides and 
quinupristin exposes both to inactivation when the macrolide binding site is modified by methylases.52  
Several examples of target identification through the examination of cross-resistant strains exist in the 
literature.128,129  
Finally, the identification of the genetic mutations that confer resistance to a test compound can 
be enlightening.  The development of high-throughput genome sequencing platforms has made it possible 
to sequence the genomes of antibacterial-resistant strains.  The comparison of these sequences with the 
genomes of susceptible strains can facilitate target identification6. Alternatively, the construction of a 
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clone library from fragments of a resistant strain genome can provide mechanistic clues.130  Bacterial 
strains transformed with the fragment of the genome that harbors resistance-conferring genes should 
selectively grow in the presence of antibacterial compound.  In this way, the use of a clone library can 
direct one to the portion of the genome, and possibly the specific gene, that confers resistance to the 
antibacterial in question. 
 
1.3.3.h.4. Target overexpression 
The efficacy of an antibacterial compound, particularly one that exerts its activity through a 
single target, is indirectly proportional to the abundance of that target in the cell.81  One can exploit this 
relationship though the use of overexpression libraries of individually cloned open reading frames 
(ORFs).131,132  The use of such a library involves either the pooled or individual transformation of each 
cloned ORF into a bacterial organism, usually E. coli.  Transformants are incubated with MIC 
concentrations of compound such that only those expressing the antibacterial target in excess will 
proliferate.131  Thus, antibacterial targets can be identified by sequencing the cloned ORFs harbored by 
transformants surviving antibacterial treatment.   
The utility of this technology has been limited in the past by the time-consuming nature of library 
construction; however, successful proof-of-principle experiments demonstrating the application of 
overexpression libraries to the determination of antibacterial mode of action have increased demand for 
such libraries.131,132  In response, this valuable tool has been made available to the public by the Genome 
Analysis Project in Japan in the form of the ASKA (A Complete Set of E.coli K-12 ORF Archive) 
library.133 
 
1.3.3.i. Animal studies 
While many biochemical and microbiological tools exist by which the safety and efficacy of 
antibacterial compounds can be predicted and optimized in vitro, there is no substitute for the in vivo 
evaluation of antibacterial compounds.6,134  This evaluation is typically performed in mice and is initiated 
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by an assessment of compound toxicity.  Cytotoxicity screens (see Section 1.3.3.e.) are designed to 
identify compounds that are toxic to mammals on the cellular level; however, other relevant mechanisms 
of toxicity due to allergic response, secondary infection as a result of changes in the gut microbiota, and 
direct effects against host tissue are only assessable in whole organisms.  Levels of general toxicity of 
antibacterial compounds are typically expressed in terms of the maximum tolerated dose (MTD), or the 
compound dose at which all treated animals survive for 24 hours post-administration.135  To determine 
this value, compound is administered by single injection to 3-6 mice.  These mice are observed for 24 
hours and, if no signs of toxicity are apparent, a higher concentration of compound is administered to 
another set of mice.  This treatment continues for different groups of mice, increasing the concentration of 
administered compound for each group, until toxicity is observed.  There is no general rule defining a 
starting concentration at which MTD assays should be performed, nor a rule defining the rate at which 
compound concentrations should be increased for each group; however, suggested starting concentrations 
range from 5 to 25 mg/kg, and 5-15 mg/kg increases in concentration of injected compound are typically 
employed.135  Knowledge of the MTD for a compound is necessary for further animal studies, as 
decisions regarding dosing strategies will be made in reference to this value.   
Once a compound is shown to be tolerated by mammals at therapeutically useful concentrations, 
experiments are performed to analyze the pharmacokinetics and pharmacodynamics of the compound.  A 
discussion of antibacterial pharmacokinetics must be prefaced by the distinction of two classes of 
antibacterial compounds:  those that fight infection in a concentration-dependent manner and those that 
work in a time-dependent manner.    Compounds that exert their activity in a time-dependent manner 
include linezolid, β-lactams, and vancomycin.117  These compounds display their maximum effect at 
about four times their MICs, and concentrations higher than this do not increase the extent to which they 
kill a bacterial population.117,118  Concentration-dependent antibiotics are those that induce rapid cell death 
and include aminoglycosides, fluoroquinolones, and daptomycin.117  The rate and extent of cell death 
induced by these compounds is directly related to compound concentration, even at concentrations far 
exceeding their MICs.117,118  The class to which a compound belongs has recently been shown to be a 
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determining factor in a compound’s ability to fight infection, as it defines the serum concentrations and 
elimination times required for an antibacterial compound to be effective.136,137  As described previously 
(Section 1.3.3.g.), information regarding the time- and concentration-dependence of the activity for an 
antibacterial compound can be obtained from in vitro killing kinetics experiments; however, such activity 
should also be confirmed in vivo when efficacy studies are performed.  
Pharmacokinetic experiments are conducted to assess and optimize serum concentrations of 
antibacterial compound over time.  By assessing the concentration of compound in the blood at various 
time-points after compound administration, one can construct a concentration-time curve as shown in 
Figure 1.10.137,138 From this curve, three pharmacodynamic parameters can be determined that are useful 
for the prediction and optimization of dosing strategies required to obtain antibacterial efficacy in vivo.  
For time-dependent antibiotics, the most important parameter for efficacy is T > MIC, or the amount of 
time for which the serum concentration of antibacterial compound exceeds its MIC.136-138  In the presence 
of time-dependent antibiotics, the amount of induced cell death will be directly proportional to the amount 
of time the infection is exposed to the drug.  Therefore, the longer a time-dependent antibiotic is 
maintained in the bloodstream, the more effective that drug will be.137  Other important parameters 
include the ratio of Cmax to MIC, where Cmax is the maximum concentration of compound observed in the 
blood stream, and the ratio of AUC to MIC, where AUC is the area under the time vs. concentration 
curve.  The AUC is a reflection of the total amount of antibiotic delivered.136-138  Parameters Cmax/MIC 
and AUC/MIC are most influential for the efficacy of concentration-dependent antibiotics; although, the 
relative importance of each parameter varies depending on the compound.137  The optimization of these 
three pharmacodynamic parameters for a particular antibacterial compound is achieved by varying dosing 
levels and schedules and will ultimately provide the dosing strategy necessary to achieve maximum 
efficacy.137 
 There are many animal models of infection available for the assessment of in vivo antibacterial 
efficacy, many of which are specific to clinically-relevant infections such as meningitis or endocarditis.135 
Of these, the most commonly employed for initial in vivo antibacterial efficacy trials is the systemic 
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infection model.135  In this model, mice are infected by the intraperitoneal injection of a bacterial 
suspension and subsequently treated an hour later by the subcutaneous injection of antibacterial 
compound.  Treated mice are then observed for up to 5 days for enhanced survival relative to untreated 
mice, which die from sepsis in 18-36 hours.139  The choice of pathogen for infection in this model is 
dependent on the observed spectrum of the antibacterial compound in question.  However, a sufficiently 
virulent strain must be chosen such that untreated control mice die from sepsis in 18-36 hours.135,139   
While the facile nature of the systemic infection model makes it an attractive option for in vivo 
antibacterial efficacy studies, one of the major disadvantages of using this animal model is the nature by 
which a systemic infection manifests.  The amount of animal suffering that accompanies such an infection 
requires the sacrifice of animals as alternative endpoints to mortality.  Although this action is necessary to 
ensure the humane treatment of animal subjects, these alternative endpoints can skew efficacy data, 
therefore complicating the analysis of results.137   
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Figure 1.10.  Pharmacokinetic parameters can be determined by constructing a time vs. concentration curve after oral drug
administration.  The most important parameters for predicting in vivo efficacy are Cmax, the maximum concentration of drug
observed in the bloodstream; the T > MIC, or the amount of time that serum concentrations of drug exceed its MIC; and the area
under the curve (AUC, shaded gray). 
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1.4. CONCLUSIONS AND OUTLOOK 
The emergence of multidrug-resistant bacterial infections in conjunction with a deficit of novel 
antibiotic classes has created an environment in which the development of novel antibacterial compounds 
is necessary to keep dangerous infections at bay.  While the derivatization of existing antibiotics by 
pharmaceutical companies has so far been successful at achieving this end, this strategy is short-term, and 
the discovery of antibacterials with novel scaffolds would be a greater contribution to the fight against 
multidrug-resistant infections.  Accompanying such efforts to identify novel antibacterials is a rigorous 
developmental process designed to ensure that only the most promising compounds are pursued.   
This thesis describes the application of both target-based and whole cell screening strategies to 
identify novel antibacterial compounds.  A lack of high-throughput assays for our chosen target, MazEF 
(see Chapter 2), required the development of a fluorometric assay for MazF ribonuclease activity.  This 
assay was employed to further characterize the activity of the MazF enzyme and was used in an effort to 
identify MazEF-dependent inhibitors of bacterial growth.  In addition, Chapter 3 describes the 
identification of novel antibacterial compounds identified using a whole cell screening approach.  Efforts 
to characterize the in vitro antibacterial activity displayed by these compounds using the previously 
discussed assays are described. 
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CHAPTER 2 
THE DEVELOPMENT OF A HIGH-THROUGHPUT ASSAY FOR MAZF ACTIVITY AND ITS  
APPLICATION IN A SCREEN FOR DISRUPTORS OF MAZEF 
Sections from Chapter 2 have been reproduced from “A Continuous Fluorometric Assay for the 
Assessment of MazF Ribonuclease Activity" Wang, N. R., Hergenrother, P. J. Anal. Biochem. 2007, 371, 
173-183. 
 
2.1. INTRODUCTION 
 Once regarded as a microbiological curiosity, it is now apparent that toxin-antitoxin (TA) systems 
play important roles in bacterial stress response and resistance to antibiotics.1-3  Most proteic TA systems 
are characterized by two small (8-15 kDa) proteins, a stable toxin and a labile antitoxin, and genes 
encoding these proteins have been identified on a wide range of bacterial chromosomes and plasmids.4,5  
If both proteins are actively being produced by the bacterial cell, the antitoxin binds the toxin and inhibits 
its toxic activity.  However, if the cellular levels of the antitoxin decrease, the toxic protein will be 
released to halt growth and/or kill the cell.   
 When encoded by plasmids, TA systems serve as postsegregational killing systems (PSK) that 
allow the plasmid to maintain itself in the bacterial population in the absence of selective pressure; if 
during cell division a plasmid-free daughter cell arises, the labile antitoxin is quickly degraded (and due 
to the absence of plasmid is not replenished) freeing the toxin to kill the cell (Figure 2.1).1,6 Such TA 
systems are sometimes referred to as “plasmid addiction” modules.7,8 The precise role of TA systems 
encoded by bacterial chromosomes is less clear, but evidence suggests that they may serve as stress 
response elements, as toxin-induced cell death is observed under conditions including high temperatures, 
DNA damage, oxidative stress, thymine starvation, and antibiotic treatment.9-11 In addition, the 
transcription of genes from chromosomally encoded TA loci are upregulated during amino acid 
starvation.12,13  
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Plasmid inherited 
Toxin is inhibited 
and cell lives
Plasmid not inherited 
Toxin is activated 
and kills cell
Cell death
 
Figure 2.1.  The role of toxin-antitoxin systems in plasmid stability.  Plasmids encode a stable toxin and a labile antitoxin that
binds the toxin to neutralize its activity.  Daughter cells that do not inherit the plasmid are killed by the toxin as antitoxin is
degraded and is not replenished  
 Given that a large percentage of genes that mediate resistance to antibiotics are found on 
extrachromosomal DNA such as plasmids,14,15 coupled with the ability of TA systems to stabilize 
plasmids, it has been speculated that pharmacological disruption of the toxin-antitoxin protein-protein 
interaction could unleash the toxin, serving as a novel antibacterial strategy (Figure 2.2).2,5,16-18 It was not 
until recently, however, that it was discovered that TA systems are indeed ubiquitous on plasmids that 
reside in a common bacterial pathogen that is refractory to most antibiotics, vancomycin-resistant 
enterococci (VRE).5  In this survey, the genes encoding the mazEF, relBE, and axe-txe TA systems were 
found to be quite prevalent on plasmids isolated from clinical VRE isolates.  In particular, the mazEF 
genes were found on plasmids in 100% (75 out of 75) of the VRE isolates.5  
 
Free toxin 
recognizes 
its target
Cell death
 
Figure 2.2.  Toxin-antitoxin systems could serve as a novel target for antibacterials.  The disruption of the toxin-antitoxin
interaction by a small molecule would liberate free toxin, allowing it to kill the cell. 
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 MazEF was originally discovered on the E. coli chromosome and has since been extensively 
characterized.19,20 Much is known about the TA protein complex, as the crystal structure of the toxin, 
MazF, in complex with the antitoxin, MazE, has been solved.21 The MazEF complex has a heterohexamer 
structure, with two MazF homodimers flanking a single MazE homodimer (Figure 2.3).  The C-terminus 
of each MazE monomer wraps around the interface of each MazF homodimer to neutralize MazF toxicity.   
The toxic effect of MazF has been conclusively tied to its ribonuclease activity.22,23 MazF displays 
specificity for ACA sequences in single-stranded RNA, typically cleaving after the first A, although 
cleavage before the first A has also been observed.24,25 Mechanistically, cleavage of RNA by MazF has 
been compared to that of ribonuclease A (RNase A).25  Digestion of RNA by MazF yields 5’-cleavage 
fragments ending in 2’,3’-cyclic phosphodiesters, suggesting that the 2’-hydroxyl plays a role in the 
cleavage reaction (Figure 2.4).25  Similar results are seen upon digestion with RNase A, as this enzyme 
enhances the nucleophilicity of 2’-hydroxyl groups to induce RNA cleavage.25  
 The prevalence of MazEF in clinical isolates and the extent to which this TA system has been 
characterized make it an ideal target for pharmacological disruption.  Since the efficacy of such a 
compound hinges on the liberation of active MazF from the MazEF complex, the most logical screening 
F
F E E F
F
 
Figure 2.3.  The structure of the MazEF complex.  Half of the heterohexamer is shown here.  The C-terminus of MazE interacts 
with the interface of the MazF homodimer, inhibiting its activity. 
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strategy would involve the measurement of ribonuclease activity upon incubation of MazEF with a library 
of compounds.  However, MazF activity has historically been monitored with radiolabeled 
oligonucleotides/gel electrophoresis, or MALDI mass spectrometry.24-26  While these techniques have 
proved instrumental to the characterization of MazF activity, these discontinuous methods are not 
amenable to testing large libraries of compounds in a high-throughput manner.  Consequently, we 
developed a continuous fluorometric substrate for MazF that enables real-time quantitation of MazF 
enzymatic activity.  The use of this assay to analyze the kinetics of RNA cleavage by the MazF enzyme 
and its application in a high-throughput screen for MazEF disruptors will be described in this chapter.  
 
2.2. DEVELOPMENT OF A FLUOROMETRIC ASSAY FOR MAZF ACTIVITY 
2.2.1.  Cloning, expression, and purification of (His)6MazE/MazF 
 The mazEF genes were initially amplified from genomic DNA isolated from a clinical isolate of 
VRE and were cloned into the pET200 vector using a TOPO cloning kit (Figure 2.5).  Sequencing 
analysis identified the 600 bp insert as the mazEF gene cassette and confirmed that the gene was in-frame.  
IPTG-induced expression from this vector under standard conditions produced the MazEF protein 
complex with a (His)6-tag appended to the N-terminus of MazE.  This complex was easily purified from 
clarified lysate using nickel-nitrilotriacetic acid (Ni-NTA) agarose metal-affinity chromatography, and 
 
Figure 2.4.  Proposed mechanism of RNA cleavage by MazF.  The products of RNA cleavage by MazF include a 5’-fragment
that is terminated by  a 2’,3’-cyclic phosphodiester.  This product is also observed upon cleavage with ribonuclease A, suggesting
that, like ribonuclease A, MazF enhances the nucleophilicity of the 2’-hydroxyl at its cleavage site. 
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1 2 3 4 5 6 7 8
MazF
(His)6MazE15 kDa
 
Figure 2.6.  SDS-PAGE analysis of (His)6MazE/MazF expression and purification.  Lane 1:  Full-range marker (Biorad).  Lanes
2 and 3: Expression culture lysate immediately after induction of expression by IPTG and after four hours of induced expression,
respectively.  Lane 4-6: 10 µL of each purification fraction (cell pellet, cleared lysate, Ni-NTA column flowthrough).   Lanes 7
and 8: Purified MazEF protein (10 and 15 µg, respectively) after elution with elution buffer containing 250 mM imidazole.   
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
10        20        30        40        50        60        70        80
AGAAGGAGATATACATATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGG
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
90       100       110       120       130       140       150       160
GTCGGGATCTGTACGACGATGACGATAAGGATCATCCCTTCACCATGATCCACAGTAGCGTAAAGCGTTGGGGAAATTCA
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
170       180       190       200       210       220       230       240
CCGGCGGTGCGGATCCCGGCTACGTTAATGCAGGCGCTCAATCTGAATATTGATGATGAAGTGAAGATTGACCTGGTGGA
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
250       260       270       280       290       300       310       320 
TGGCAAATTAATTATTGAGCCAGTGCGTAAAGAGCCCGTATTTACGCTTGCTGAACTGGTCAACGACATCACGCCGGAAA
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
330       340       350       360       370       380       390       400
ACCTCCACGAGAATATCGACTGGGGAGAGCCGAAAGATAAGGAAGTCTGGTAATGGTAAGCCGATACGTACCCGATATGG
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
410       420       430       440       450       460       470       480
GCGATCTGATTTGGGTTGATTTTGACCCGACAAAAGGTAGCGAGCAAGCTGGACATCGTCCAGCTGTTGTCCTGAGTCCT
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
490       500       510       520       530       540       550       560
TTCATGTACAACAACAAAACAGGTATGTGTCTGTGTGTTCCTTGTACAACGCAATCAAAAGGATATCCGTTCGAAGTTGT
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
570       580       590       600       610       620       630       640
TTTATCCGGTCAGGAACGTGATGGCGTAGCGTTAGCTGATCAGGTAAAAAGTATCGCCTGGCGGGCAAGAGGAGCAACGA
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
650       660       670       680       690       700       710       720
AGAAAGGAACAGTTGCCCCAGAGGAATTACAACTCATTAAAGCCAAAATTAACGTACTGATTGGGTAGAAGGGCGAGCTC
RBS His6-tagStart
mazE stop/mazF start
mazF stop
Native mazE start
 
Figure 2.5.  Nucleotide sequence of pET200-mazEF.  A (His)6-tag is encoded upstream of the mazEF gene cassette.  IPTG-
induced expression yields (His)6MazE complexed with MazF. 
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SDS-PAGE analysis indicated that (His)6MazE/MazF was eluted from the Ni-NTA resin with high yield 
and purity (Figure 2.6).  
 
2.2.2. Cloning, expression, and purification of MazE/MazF(His)6  
 To facilitate purification of MazF alone, an expression vector was desired from which MazEF 
could be expressed with a (His)6-tag appended to MazF  Therefore, site-directed mutagenesis was 
performed on the pET200-mazEF construct to introduce NcoI and XhoI restriction sites onto the 5’- and 
3’-ends of mazEF, respectively.  The mazEF gene cassette was subsequently excised from pET200 and 
cloned into the IPTG-inducible pET28a vector such that a (His)6-tag would be appended onto the C- 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
10        20        30        40        50        60        70        80
GAAGGAGATATACCATGGTCCACAGTAGCGTAAAGCGTTGGGGAAATTCACCGGCGGTGCGGATCCCGGCTACGTTAATG
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
90       100       110       120       130       140       150       160
CAGGCGCTCAATCTGAATATTGATGATGAAGTGAAGATTGACCTGGTGGATGGCAAATTAATTATTGAGCCAGTGCGTAA
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
170       180       190       200       210       220       230       240
AGAGCCCGTATTTACGCTTGCTGAACTGGTCAACGACATCACGCCGGAAAACCTCCACGAGAATATCGACTGGGGAGAGC
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
250       260       270       280       290       300       310       320 
CGAAAGATAAGGAAGTCTGGTAATGGTAAGCCGATACGTACCCGATATGGGCGATCTGATTTGGGTTGATTTTGACCCGA
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
330       340       350       360       370       380       390       400
CAAAAGGTAGCGAGCAAGCTGGACATCGTCCAGCTGTTGTCCTGAGTCCTTTCATGTACAACAACAAAACAGGTATGTGT
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
410       420       430       440       450       460       470       480
CTGTGTGTTCCTTGTACAACGCAATCAAAAGGATATCCGTTCGAAGTTGTTTTATCCGGTCAGGAACGTGATGGCGTAGC
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
490       500       510       520       530       540       550       560
GTTAGCTGATCAGGTAAAAAGTATCGCCTGGCGGGCAAGAGGAGCAACGAAGAAAGGAACAGTTGCCCCAGAGGAATTAC
....|....|....|....|....|....|....|....|....|....|....|....|....|....|
570       580       590       600       610       620       630       
AACTCATTAAAGCCAAAATTAACGTACTGATTGGGAAGAAGCTCGAGCACCACCACCACCACCACTGA
RBS
His6-tag
mazE start
mazE stop/mazF start
mazF no stop Stop
 
Figure 2.7.  Nucleotide sequence of pET28a-mazEF.  NcoI (orange) and XhoI (green) cleavage sites were introduced by site-
directed mutagenesis of pET200-mazEF.  The stop codon for mazF was also removed by mutagenesis to allow the fusion of a
(His)6-tag onto the C-terminus of MazF. 
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terminus of MazF (Figure 2.7).  It should be noted that the installation of the NcoI restriction site 
involved the exchange of adenine (A) of the second codon of mazE for a guanisine (G).  Therefore, the 
IPTG-induced expression from the pET28a-mazEF construct yielded MazF(His)6 in complex with an 
untagged MazE mutant in which the second amino acid, valine, had been replaced with isoleucine.  Due 
to the similarity of the two amino acid side chains and the location of the mutation on the N-terminus of 
MazE, this amino acid substitution was not expected to interfere with MazE’s ability to inhibit the MazF 
enzyme.  Indeed, no toxicity to E. coli BL21(DE3) cells expressing the mutant construct was observed, 
and it was therefore concluded that MazF(His)6 was fully inhibited by the mutant antitoxin.  
MazE/MazF(His)6 complex was purified from clarified lysate using Ni-NTA agarose metal-affinity 
chromatography, and SDS-PAGE analysis indicated that MazE/MazF(His)6 was eluted from the Ni-NTA 
resin with high yield (2 mg/L culture) and purity (Figure 2.8).  
 
2.2.3. Purification of (His)6MazE and MazF(His)6 
 (His)6MazE was purified by disruption of Ni-NTA resin-bound (His)6MazE/MazF complex with 
8 M urea.  MazE was then refolded on the column by washing with gradually decreasing concentrations 
of urea solution.  MazF(His)6 was isolated from the MazE/MazF(His)6 complex using the same protocol.  
Attempts to concentrate MazF(His)6 were unsuccessful, as concentrated column elutions did not appear to 
contain protein.  The source of this problem was realized after observing that MazF(His)6 precipitated 
1 2 3 4 5 6 7 8
MazE
MazF(His)615 kDa
 
 
Figure 2.8.  SDS-PAGE analysis of MazE/MazF(His)6 expression and purification.  Lane 1:  Full-range marker (Biorad).  Lanes
2 and 3: Expression culture lysate immediately after induction of expression by IPTG and after four hours of induced expression,
respectively.  Lane 4-6: 10 µL of each purification fraction (cell pellet, cleared lysate, Ni-NTA column flowthrough).   Lanes 7
and 8: Purified MazEF protein (10 and 15 µg, respectively) after elution with elution buffer containing 250 mM imidazole.   
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from elution fractions after 12 hours at 4°C.  During concentration, the MazF(His)6 protein was likely 
precipitating and adhering to the walls of the concentration cartridge.  The MazF(His)6 protein was 
therefore always used within 6 hours of purification at dilute concentrations (< 300 ng/µL).   
 
2.2.4. Verification of MazF activity  
 It has previously been shown that MazF(His)6 cleaves the chimeric oligonucleotide of the 
sequence 5’-AAGTCrGACATCAG-3’ after the RNA base, rG.24  Thus, this oligonucleotide was chosen 
to verify that purified MazF(His)6 was active as a ribonuclease and that addition of purified MazE 
suppressed this activity.  The oligonucleotide was labeled with 32P on the 5’-end and incubated with both 
MazF(His)6 and a 2:1 mixture of (His)6MazE and MazF(His)6.  Reaction products analyzed by gel 
electrophoresis indicate that MazF(His)6 does indeed cleave the oligonucleotide at the RNA base and that 
(His)6MazE suppresses this cleavage (Figure 2.9)  
 
The products resulting from the incubation of the same unlabeled chimeric oligonucleotide with 
MazF and MazEF were also analyzed by HPLC.  The oligonucleotide was incubated with either 1) 11.5 
µM MazF(His)6 or, 2) 5.75 µM MazE plus 11.5 µM MazF(His)6 as a 2:4 complex.  As shown in Figure 
2.10, the HPLC trace of the oligonucleotide reaction with MazE/MazF(His)6 contained a single peak at 
retention time of 14.3 min, while the trace for the reaction with MazF(His)6 contained two peaks at lower 
intact
cleaved
1 2 3 4
 
Figure 2.9. Verfication of MazF activity using a radiolabeled substrate.  32P-chimeric oligonucleotide (5’-
AAGTCrGACATCAG-3’) was incubated for 1 hour at room temperature with 9 µM MazF(His)6 in the presence and absence 
of 18 µM (His)6MazEF.  The resulting products were resolved on a 20% acrylamide/8 M urea denaturing gel.  Cleaved 
oligonucleotide fragments appear lower on the gel than intact oligonucleotide.  Lane 1: oligo only, Lane 2: oligo and RNase I, 
Lane 3: oligo and MazF(His)6, Lane 4:  oligo and 2:1 mixture of (His)6MazE and MazF(His)6 
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retention times.  Analysis of the elution fractions corresponding to each peak by MALDI mass 
spectrometry revealed that the peak at the longer retention time corresponded to m/z 3983.82, the mass of 
intact oligonucleotide.  The peaks produced in the presence of MazF(His)6 correspond to m/z 1890.6 and 
2088.7, the masses of the oligonucleotide fragments produced by MazF cleavage of the oligonucleotide.  
This confirms that the oligonucleotide substrate is cleaved at the RNA base by purified MazF(His)6 in the 
absence but not in the presence of MazE. 
 
 
2.3.   THE DESIGN OF A FLUORESCENT REPORTER OF MAZF ACTIVITY  
 Fluorogenic substrates have been used to analyze ribonuclease kinetics, substrate specificity, and 
inhibition.27-29  These substrates are often chimeric and are labeled on one end with a fluorophore and on 
the other end with a quencher.  In an intact oligonucleotide, the fluorophore is in close proximity to the 
quencher and a low amount of fluorescence is observed.  However, cleavage of the oligonucleotide 
increases the distance between fluorophore and quencher, resulting in increased fluorescence.  We 
therefore designed an analogous fluorogenic substrate to report on MazF activity. The unlabeled chimeric 
 
Figure 2.10.  Verification of MazF activity by HPLC.  Products from a 5 hour incubation of 24 µM unlabeled chimeric
oligonucleotide (5’-AAGTCrGACATCAG-3’) with 11.5 µM MazF(His)6 in the presence (black) and absence (red) of 5.75 µM
MazE were observed by HPLC analysis.  Peak fractions were analyzed by MALDI mass spectrometry.  The peak at longest
retention time corresponds to intact oligonucleotide (calculated MW = 3983.6).  The peaks at shorter retention times correspond
to 5’- and 3’-fragments generated from MazF cleavage (calculated MW = 1894.2 and 2088.4, respectively). 
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oligonucleotide described above (Section 2.2.4) was ordered with a 6-carboxyfluorescein (6-FAM) tag at 
the 5’-end and a Black Hole Quencher 1 (BHQ-1) tag at the 3’-end (Figure 2.11).  It was hypothesized 
that the cleavage of this fluorescently tagged oligonucleotide by MazF would result in an increase in the 
fluorescent emission of 6-FAM at 530 nm.  
The utility of the fluorescent oligonucleotide as a reporter of ribonuclease activity was first 
evaluated by measuring the fluorescence of the oligonucleotide in the presence of increasing 
concentrations of MazF(His)6 and MazE/MazF(His)6.  A 50 µL reaction mixture containing 12.5 nM 
oligonucleotide and various concentrations of MazF(His)6 and MazE/MazF(His)6 was incubated for 5 
hours at room temperature.  MazE/MazF(His)6 concentrations were used such that the amount of 
complexed MazF was equivalent to the amount of free MazF(His)6 used in MazF(His)6/oligonucleotide 
incubations.  It was found that increasing concentrations of MazF(His)6 resulted in significant increases in 
fluorescence at 530 nm, while increasing concentrations of MazE/MazF(His)6 showed only a small 
 
Figure 2.11.  Substrate design.  A chimeric DNA/RNA oligonucleotide (5’-AAGTCrGACATCAG-3’) previously shown to be
cleaved by MazF was labeled with 6-carboxyfluorescein (6-FAM) on the 5’-end and with Black Hole Quencher 1 (BHQ1) on the
3’-end.  When the oligonucleotide is intact, BHQ1 quenches the fluorescence of 6-FAM; however, cleavage of the
oligonucleotide at the RNA base by MazF releases 6-FAM from BHQ1, thereby increasing the fluorescence of 6-FAM. 
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increases in fluorescence (Figure 2.12).  This difference in fluorescence increase is attributed to cleavage 
of the oligonucleotide at the RNA base by uncomplexed MazF(His)6. 
 
 
2.4.  ANALYSIS OF MAZF ENZYME KINETICS 
2.4.1. Construction of a calibration curve 
A calibration curve relating fluorescence emission at 530 nm to the extent of oligonucleotide 
substrate cleavage is shown in Figure 2.13.  Oligonucleotides of identical sequence and labeling to the 
fluorescent oligonucleotide substrate cleavage products (5’-6-FAM-AAGTCG-3’ and 5’-ACATCAG-
BHQ1-3’) were purchased.  For ease of synthesis, the RNA base of the 5’-cleavage fragment was 
replaced with the corresponding DNA base; however, this replacement is not expected to change the 
fluorescent properties of the cleavage fragment.  The two oligonucleotide fragments were mixed in 1:1 
molar ratios for various oligonucleotide concentrations to mimic cleavage reactions at various stages of 
completion and the fluorescence of the solutions were quantified by excitation at 485 nm and emission at 
530 nm.  The calibration curve was linear up to concentrations of 60 pmol (2 µM) cleaved 
oligonucleotide, and was constructed alongside each kinetic experiment.   
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Figure 2.12.  Verification of cleavage of fluorescenct oligonucleotide substrate by MazF.  Incubation of 12.5 nM fluorogenic
substrate with various concentrations of MazF(His)6  results in a dose-dependent increase in fluorescence over the course of 5
hours.  Only a slight fluorescence increase is observed upon incubation of the substrate with equivalent concentrations of
MazE/MazF(His)6.  Fold-increase reported is relative to the oligonucleotide substrate alone.   
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2.4.2.  Kinetic analysis of MazF-mediated cleavage of fluorescently labeled substrate 
The sensitivity of the fluorogenic substrate allowed us to study the reaction kinetics of 
oligonucleotide cleavage by MazF.  Solutions of oligonucleotide (at final concentrations ranging from 0.1 
to 50 µM) were prepared and distributed in the wells of a 384-well plate.  MazF(His)6 was added to a final 
concentration of 3 µM, and the reaction progress was monitored by observing the fluorescence emission 
at 530 nm after excitation at 485 nm.  Upon addition of elution buffer to oligonucleotide substrate, an 
initial increase in fluorescence was observed (Figure 2.14).  This increase is not due to oligonucleotide 
cleavage, as the same effect was observed upon addition of elution buffer to 6-FAM alone (Figure 2.14).  
This increase leveled off after 15 minutes, therefore each data set was analyzed after this 15 minute time 
period elapsed, as shown in Figure 2.15.a.  Data for addition of elution buffer alone was then subtracted 
from that for addition of MazF to obtain reaction progress curves from which reaction velocities could be 
calculated.  Reaction velocity increases with increasing substrate concentration, as shown in Figure 
2.15b.  
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Figure 2.13. Construction of a calibration curve.  Labeled oligonucleotides corresponding to products formed by cleavage of the
fluorescently-labeled oligonucleotide substrate by MazF were mixed at 1:1 molar ratios for various concentrations.  Fluorescence
values for these 1:1 mixtures in elution buffer were measured upon excitation at 485 nm and emission at 530 nm allowing a
calibration curve to be constructed that relates fluorescence to the amount of oligonucleotide cleaved.  Calibration curves were
linear up to 60 pmol (2 µM) of each cleavage fragment; a calibration curve was constructed in parallel with every experiment. 
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  Reaction velocities were measured in this manner for three separate batches of purified 
MazF(His)6, and the average velocities were plotted against oligonucleotide substrate concentration 
(Figure 2.15c).  The shape of the plotted data indicates that the cleavage reaction follows Michaelis-
Menton kinetics; however, as 3 µM MazF(His)6 was used in each reaction, there are several reactions for 
which the oligonucleotide substrate concentration is less than or equal to enzyme concentration.  Thus, 
standard kinetic analysis of enzymatic reactions dictate that the Michaelis-Menten equation could not be 
fit to the entire data set.30  An equation similar to the Michael-Menten equation, 
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Figure 2.14.  Initial increase in fluorescence observed when reading fluorescence (ex. 485 nm; em. 530 nm) of a. 20 µM
oligonucleotide in the presence (red) and absence (black) of 3 µM MazF(His)6 and b. of 100 nM 6-FAM alone 
64 
 
 
0
1
2
3
4
5
6
7
8
15 17 19 21 23 25 27 29 31 33
Time (min)
40 µM
10 µM
5 µM
1 µM
0.3 µM
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0 10 20 30 40 50
[Oligonucleotide] (mM)
-1
0
1
2
3
4
5
6
15 17 19 21 23 25 27 29
Time (min)
C
le
av
ed
 O
lig
on
uc
le
ot
id
e
(p
m
ol
)
C
le
av
ed
 O
lig
on
uc
le
ot
id
e
(p
m
ol
)
Ve
lo
ci
ty
 (p
m
ol
/m
in
)
Buffer
MazF
a.
b.
c.
 
Figure 2.15. Determination of kinetic parameters for substrate cleavage by MazF.  MazF (final concentration of 3 µM) was
added to various concentrations of oligonucleotide substrate, and fluorescence was monitored upon excitation at 485 nm and
emission at 530 nm.  a. Data analysis began 15 minutes after addition of MazF or elution buffer.  The change in 6-FAM emission
with reaction progress is shown for addition of MazF (red circles) or elution buffer (black squares) to a solution of 20 µM of the
fluorescently-labeled chimeric substrate.  Data for elution buffer addition was then subtracted from that for MazF addition and
the resulting data were used to construct the plots shown in b.  b.  Linear regression analysis was performed on the background-
subtracted data set for each oligonucleotide substrate concentration.  Shown are data sets for substrate at 40 µM (filled yellow
diamonds), 10 µM (filled green squares), 5 µM (filled blue triangles), 1 µM (filled red circles), and 0.3 µM (empty purple
diamonds).  c. The slopes from the data sets shown in b were plotted against oligonucleotide substrate concentration. Reaction
velocities were determined for three separate batches of purified MazF and average velocities are plotted. Error bars represent the
standard deviation from the mean.  The Michaelis-Menten equation was fit to the data for substrate concentrations ≤ 0.3 µM and
≥ 20 µM; from the curve fit, Vmax = 0.37 ± 0.02 pmol/min, and KM = 6.9 ± 1.9 µM.  
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where KS is the dissociation constant for the enzyme/substrate complex, can be fit to data where the 
enzyme concentration is at least 10-fold greater than the substrate concentration;30  therefore, this 
equation can be used to describe the MazF(His)6 reactions with oligonucleotide substrate of 0.3 µM or 
less.  It has been shown that for enzymatic reactions with a low turnover number (kcat), KM is 
approximately equal to KS; in this case the above equation is equivalent to the Michaelis-Menten 
equation.31  Analysis of the plotted data in Figure 2.15c indicated that the kcat for oligonucleotide 
cleavage by MazF was low, as a large concentration (3 µM) of MazF was required to achieve moderate 
values for Vmax.  Thus, the Michaelis-Menten equation was fit to data for oligonucleotide concentrations 
of 0.3 µM and lower and 20 µM and higher.  From the curve fit, Vmax = 0.37 ± 0.02 pmol/min, and KM = 
6.9 ± 1.9 µM.  
 
2.4.3.  Use of fluorescent substrate to assess inhibitors of MazF 
 The assay was also used to investigate the effect of various ribonuclease inhibitors on MazF 
activity.  The only reported inhibitor of MazF to date is MazE; thus, the effect of MazE on MazF cleavage 
of the fluorescent oligonucleotide substrate was investigated.  As expected, the addition of 1.5 µM MazE 
abolishes the activity of 3 µM MazF against 20 µM oligonucleotide substrate (Figure 2.16a).  Thus the 
fluorescent oligonucleotide substrate can be used to detect MazF inhibition. 
 As previously discussed, the formation of a 2’,3’-cyclic phosphodiester on the 3’-end of the 5’-
fragment resulting from MazF cleavage is similar to that observed upon cleavage by RNase A, and it has 
therefore been suggested that MazF and RNase A cleave RNA via a similar mechanism.25  If this were 
true, one might expect that certain RNase A inhibitors would also inhibit MazF.  To test this, we 
incubated MazF with fluorescent oligonucleotide substrate in the presence of two RNase A inhibitors, 
ribonuclease inhibitor protein (RI, 200 U) and adenosine 3’,5’-diphosphate (pAp, 1 mM).32,33  Neither 
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Figure 2.16.  Assessment of MazF activity in the presence of ribonuclease inhibitors.  Various ribonuclease inhibitors were
added to MazF and elution buffer prior to their addition to oligonucleotide substrate.  The effects of inhibitors on reaction
velocity were monitored by fluorescence quantification by excitation at 485 nm and emission at 530 nm.  a. A mixture of MazF
and MazE was added to oligonucleotide substrate to final concentrations of 3 µM MazF and 1.5 µM MazE.  Inhibition of MazF
by MazE is indicated by the static fluorescence observed after MazF/MazE addition (black squares) in comparison to the increase
in fluorescence observed after addition of MazF alone (red circles).  b. A MazF/ribonuclease inhibitor (RI) solution was added to
oligonucleotide substrate to final concentrations of 3 µM MazF and 200U RI.  No inhibition of MazF by RI is observed as the
fluorescence change of the oligonucleotide/MazF solution is the same in the presence and absence of RI.  c. An experiment
similar to that described in b was repeated for the RNaseA inhibitor, adenosine 3’,5’-diphosphate (pAp).  Again, no inhibition of
MazF by pAp is observed as the fluorescence change of the reaction solution is the same in the presence or absence of 1 mM
pAp. 
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RNase A inhibitor resulted in a decrease in velocity of the MazF/oligonucleotide substrate reaction 
(Figures 2.16b and 2.16c), thus neither inhibitor inhibits MazF to any appreciable extent at the 
concentrations evaluated. 
 
2.5.  HIGH-THROUGHPUT SCREEN FOR MazEF DISRUPTORS 
2.5.1.  Use of fluorescent substrate in a simulated high-throughput screen  
The expression of MazF without MazE has been shown to reduce cell viability;34,35  thus, it has 
been speculated that small molecule disruptors of the MazEF complex could function as novel 
antibiotics.5  The identification of such a small molecule disruptor could potentially be discovered via 
high-throughput screening of a large library of compounds.  The fluorescent oligonucleotide substrate 
described above could be an integral component of such a screen, as the disruption of the MazE-MazF 
complex would release active MazF to cleave the substrate, resulting in an increase in fluorescence.  To 
assess the utility of our fluorescent oligonucleotide substrate in this capacity, all but four wells of the first 
23 columns of a black 384-well plate were filled with 25 µL of a MazE/MazF(His)6 solution; MazE:MazF 
form a 2:4 complex, thus the final concentrations in these solutions are 1.5 µM MazE, 3.0 µM MazF.  The 
remaining four wells were filled with 25 µL of MazF(His)6 to a final concentration of 3.0 µM.  
Compounds from plate 2 of the Marvel Library were delivered to the plate via a pin-transfer device, and 5 
µL substrate was then pipetted into all wells to a final concentration of 12.5 nM.36  Column 24 of the plate 
was reserved for controls.  Three wells of this column were filled with 25 µL elution buffer, three wells 
were filled with 25 µL of the MazE/MazF(His)6 solution, and another three were filled with 25 µL of the 
MazF(His)6 solution. Substrate solution was added in 5 µL volumes to these wells, and after a 2.5 hour 
incubation at room temperature, the fluorescence (ex = 485 nm, em = 530 nm) of all wells was analyzed.  
Wells containing MazF were easily distinguishable from those containing MazE/MazF(His)6, indicating 
that a small molecule disruptor of the MazE/MazF complex would indeed be detectable using this 
substrate (Figure 2.17).  It should be noted that very low concentrations (12.5 nM) of the substrate can be 
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used in these experiments, making it practical on the large scale required for screening thousands of 
compounds. 
 
 
2.5.2.   Use of fluorescent substrate to screen a library of small molecules for MazEF disruptors 
 A high-throughput assay utilizing the fluorescent oligonucleotide substrate as a reporter of 
compound-induced MazF activation was used to screen three compound libraries:  the Marvel library and 
two commerical libraries purchased from Chembridge.  The Marvel library is an in-house collection of 
10,000 compounds stored at 10 mM in DMSO.36  One of the Chembridge libraries is composed of 14,000 
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Figure 2.17.  High-throughput screen simulation.  A 12.5 nM solution of the fluorescently-labeled oligonucleotide substrate was
incubated in wells of a 384-well plate filled with either MazE:MazF(His)6 (1.5 µM:3.0 µM) or MazF(His)6 (3 µM).  Control wells
were prepared in column 24 in which oligonucleotide was incubated in the absence of compound with elution buffer (dark grey),
MazE:MazF(His)6 (1.5 µM:3.0 µM; light grey), and MazF(His)6 (red).  After a 2.5 hr incubation, wells containing MazF(His)6
(M3, J7, G13, and C18) are easily distinguished from those that contain MazE/MazF(His)6.  These results demonstrate that the
fluorescent oligonucleotide substrate could be used to detect MazEF complex disruptors in a high-throughput screen.   
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compounds stored at 5 mg/mL in DMSO, and the other contains 150,000 compounds stored at 10 mg/mL 
in DMSO (Table 2.1).  The procedure for this assay was similar to that followed for the mock assay 
described above.  For the Marvel and 14,000-member libraries, compounds were transferred in 1 µL 
volumes from a 384-well storage plate to a black 384-well plate containing 25 µL of a 1.5 µM 
(His)6MazE/MazF solution.  MazEF was incubated at room temperature with compound for two hours 
before fluorescent oligonucleotide was added.  This preincubation period of compound with 
oligonucleotide allowed time for the compounds to disrupt the protein complex.  After two hours, 5 µL of 
a 75 nM fluorescent oligonucleotide solution was added to each well of the plate, and the fluorescence of 
the plate at 530 nm was immediately read.  The oligonucleotide was incubated with MazEF and 
compound at room temperature for 5 hours, at which point, the fluorescence at 530 nm was read again.  
Fluorescence values were normalized to those of oligonucleotide alone and background fluorescence was 
subtracted from final fluorescence intensity.   
 
Several control reactions were performed in triplicate for each plate.  The positive control 
reaction monitored fluorescence change of oligonucleotide due to cleavage by MazF(His)6.  After the 
two-hour preincubation of compound with MazEF, 5 µL of 75 nM fluorescent oligonucleotide solution 
and 25 µL of 6 µM MazF(His)6 solution were added to three empty wells of the black plate.  The negative 
control reaction, consisting of oligonucleotide and 25 µL of 1.3 µM MazEF solution, accounted for basal 
Compound
library
Concentration of 
compound added 
Final concentration of 
compound screened MazEF construct
Preincubation of 
compound with MazEF
Marvel 10 mM 385 µM (His)6MazE/MazF 2 hour
Chembridge
(14,000) 5 mg/mL
192 µg/mL
(385 µM if MW = 500 g/mol) (His)6MazE/MazF 2 hour
Chembridge
(150,000) 10 mg/mL
384 µg/mL
(770 µM if MW = 500 g/mol) MazE/MazF(His)6 None
Table 2.1.  Summary of compound libraries screened for MazEF disruption.  Different libraries were available at different
concentrations.  In particular, the Chembridge libraries were formatted at 5 and 10 mg/mL.  To allow easy comparison of results
from these libraries to those from the Marvel library, the concentrations at which these libraries were screened has been
converted to µM for a compound of molecular weight (MW) equal to 500 g/mol. In addition, the Marvel and 14,000-member
Chembridge libraries were each screened for disruption of (His)6MazE/MazF and were incubated with this complex for two
hours before addition of oligonucleotide.  The 150,000-member Chembridge library was screened for disruption of
MazE/MazF(His)6 and was not allowed to incubate with complex prior to oligonucleotide addition. 
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ribonuclease activity of the intact MazEF complex.  Finally, a control to validate the absence of 
contaminating ribonucleases and the stability of the oligonucleotide within the assay conditions was 
performed.  In this case, oligonucleotide was added to wells containing 25 µL of the elution buffer in 
which the proteins were suspended.   
The larger Chembridge library was screened as described above but with minor modifications.  
First, to reduce the burden of protein expression and purification, the larger Chembridge library was 
screened for disruption of the MazE/MazF(His)6 complex.  This allowed the complex and MazF(His)6 to 
be purified from the same expression cultures.  Also, to increase the throughput of the assay, compounds 
were not incubated with MazEF prior to the addition of oligonucleotide substrate. 
 
2.5.2.a. Screening results 
 Out of 174,000 screened compounds, 232 induced fluorescence increases that were greater than 
10-fold of that observed for oligonucleotide alone (See Table 2.2 for a library-based summary of hit 
compounds).  These hit compounds were retested under the same conditions in which they were identified 
with the exception that the fluorescence was followed over the course of the five hour incubation.  To 
account for changes in fluorescence due to compound instability or insolubility, fluorescence of the 
compounds in buffer alone was also measured.   In this kinetic assay, 1 µL of compound was transferred 
from its storage plate to both a well containing 25 µL of 1.5 µM MazEF solution and a well containing 25 
µL elution buffer.  There was no preincubation of compound with MazEF, as 5 µL of 75 nM fluorescent 
 
Compound
library
Number of compounds inducing 
>10-fold fluorescence increase
Number of hit compounds inducing time- and 
MazEF- dependent fluorescence increase
Marvel 0 --
Chembridge
(14,000) 2 0
Chembridge
(150,000) 230 2  
Table 2.2.  Number of hit compounds in each library.  Compounds that induced fluorescence increases of greater than 10-fold
were mostly limited to the 150,000-member Chembridge library and only two of these induced fluorescence increases in a time-
and MazEF-dependent manner.  While two compounds of the 14,000-member library displayed greater than 10-fold increases in
fluorescence, neither of these did so in a time- or MazEF-dependent manner.  No hits were identified from the primary screen of
the Marvel library. 
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oligonucleotide was immediately added to both wells for each compound.  The fluorescence of the plate 
at 530 nm was measured every three minutes for five hours.  Fluorescence data for each time point was 
analyzed as previously described with the exception that fluorescence values obtained at zero-time points 
were not subtracted from any other timepoints.  A time- and MazEF-dependent fluorescence increase of 
greater than 10 was observed for 2 of the 232 compounds (Figure 2.18)  Other compounds resulted in 
fluorescence intensities that were static over time, and these intensities in the presence of MazEF were not 
significantly higher than those obtained for the same compounds and oligonucleotide in the absence of 
MazEF.   Data obtained for compounds 4632 and 2973 in the presence and absence of MazEF were as 
expected for a small molecule disruptor of the complex (Figure 2.20).  Not only did the fluorescence of 
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Figure 2.18.  Kinetic retest of hit compounds 4632 and 2973.  1 µL of each compound was transferred from its storage plate to a
well containing 25 µL of 1.5 µM MazEF and a well containing 25 µL buffer alone.  5 µL of 75 nM fluorescent oligonucleotide
was immediately added to the wells and fluorescence was measured at 530 nm every 3 minutes for 5 hours.  Of 232 hit
compounds, only 4632 and 2973 induced a greater than 10-fold increase in fluorescence in a time- and MazEF-dependent
manner.  
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the compound-containing solution increase over time in the presence of MazEF, but it remained static in 
the absence of MazEF.  This MazEF-dependent effect justified further exploration of compounds 4632 
and 2973 and their abilities to activate MazF. 
 
2.5.2.b. Investigation of compounds 4632 and 2973  
 Solid stocks of compounds 4632 and 2973 were purchased from Chembridge and retested as 
previously described; however, in this experiment MazEF and oligonucleotide were incubated with 
various concentrations of each compound ranging from 0.5 – 100 µM.  Compounds dissolved in DMSO 
at the appropriate concentrations to test at 100, 33, 25, 15, 5, 1, and 0.5 µM were added in 1 µL volumes 
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Figure 2.19.  Dose dependent fluorescence increase induced by hit compounds 4632 and 2973.  Compound dilutions in DMSO
were added in 1 µL volumes to wells of a black 348-well plate containing either 25 µL of both 1.5 µM MazE/MazF(His)6 and
buffer alone.  5 µL of 75 nM fluorescent oligonucleotide was added immediately and the fluorescence at 530 nm was measured
every 4 minutes for 5 hours.  Hit compounds 4632 and 2973 induced a dose-dependent fluorescence increase in the presence of
MazEF.  A dose dependent fluorescence increase of smaller magnitude was also observed in the absence of MazEF. 
73 
 
to 25 µL of both 1.5 µM MazE/MazF(His)6 and buffer alone in wells of a black 384-well plate.  
Fluorescent oligonucleotide at 12.5 nM was immediately added in 5 µL volumes to both sets of wells for 
each compound, and the fluorescence was measured every 4 min for 5 hours.  Fluorescence data was 
analyzed as previously described, except that the value observed at the zero time-point for each well was 
subtracted from those obtained for the remaining time points.  As shown in Figure 2.19a-b, both 
purchased compounds induced dose-dependent increases in fluorescence in the presence of MazEF. 
Freshly prepared DMSO stocks of 4632 and 2973 also displayed higher potency that those in the 
screening collection, as 33 µM of each purchased compound induced a fluorescence increase of similar 
magnitude to that observed in the presence of the same compounds from storage plates at screening 
concentrations (0.9 mM for 4632 and 1.1 mM for 2973).  While a small increase in fluorescence was 
observed for the higher concentrations of purchased compound in the absence of MazEF (Figure 2.19c-
d), this increase was slight in comparison to that observed in the presence of MazEF.   
 
2.5.2.b.1. Effect of 4632 and 2973 on the MazEF complex as assessed by native gel electrophoresis 
 Native gel electrophoresis was performed to determine the effect of 4632 and 2973 on the 
integrity of the MazEF complex.  20 µL volumes of 5.2 µM MazE/MazF(His)6, 32.9 µM (His)6MazE, and 
10.7 µM MazF(His)6 were each subjected to native gel electrophoresis for 50 min at 150V as previously 
described.37    As shown in the Coomassie-stained gel in Figure 2.20, in the absence of compound, two 
distinct protein conformations are visible in the lane in which MazEF was loaded.  Toxin-antitoxin 
complexes have been shown to adopt a number of multimeric conformations in solution (e.g. toxin dimer 
complexed with antitoxin dimer or toxin dimer complexed with antitoxin monomer),38 and the 
visualization of two bands was attributed to this fact.  While MazF ran to a similar position as the 
complex, MazE was observed at a position lower than that of the two MazEF bands.  Thus, the disruption 
of the complex by a small molecule would be detectable upon native gel electrophoresis, as the ratio of 
free MazE at the lower position to complexed MazE at the top of the gel would be expected to increase.   
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 Therefore, to determine if 4632 and 2973 were indeed disrupting the MazEF complex, native gel 
electrophoresis was used to visualize relative amounts of complexed and free MazE in solutions of 
compound-treated MazEF.  Compound solutions at 1.5 mM in DMSO were each delivered in 2 µL 
volumes to 20 µL solutions of both 5.2 µM MazE/MazF(His)6 and 32.9 µM (His)6MazE.  These solutions 
were kept at 4°C for 1 hour and were subsequently subjected to native gel electrophoresis as described 
 
DMSO 2973 4632
 
Figure 2.21.  Native gel electrophoresis to assess the effect of 2973 and 4632 on the integrity of the MazEF complex.  2 µL of
1.5 mM compound in DMSO or DMSO alone were incubated with 20 µL solutions of both 5.2 µM MazE/MazF(His)6 and 32.9
µM (His)6MazE for 1 hour at 4°C.  Reactions were then subjected to native gel electrophoresis for 50 minutes at 150 V as
previously described37 and the gel was stained by Coomassie Blue.  Lane 1 and 2:  The expected banding patterns are observed
for MazEF and MazE incubated with DMSO.  Lanes 3 and 5:  Neither 2973 nor 4632 incubation increases the intensity of band
corresponding to MazE relative to that observed upon incubation with DMSO.  This suggests that neither compound fully
disrupts the MazEF complex.  Lanes 4 and 6:  Neither compound alters the banding pattern of MazE.  Unbound MazE liberated
from the MazEF complex through compound disruption should be visible in the expected position.   
 
Figure 2.20.  Native gel electrophoresis of MazEF, MazE, and MazF.  20 µL volumes of 5.2 µM MazE/MazF(His)6, 32.9 µM
(His)6MazE, and 10.7 µM MazF(His)6 were each subjected to native gel electrophoresis for 50 minutes at 150 V as described
previously.37  The gel was stained with Coomassie Blue.  Lane 1:  The presence of two major bands suggests that MazEF exists
in solution primarily as two distinct conformers.  Lane 2:  A single band corresponding to MazE is present at a position lower
than those corresponding to MazEF.  Disruption of the MazEF complex can be indicated by an increase in the intensity of this
band, as it corresponds to unbound MazE.  Lane 3:  MazF runs as a single band to a position similar to that of MazEF,
diminishing its utility as a diagnostic tool for MazEF disruption. 
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above.  As shown in the Coomassie-stained gel in Figure 2.21, neither compound appeared to increase 
the concentration of free MazE in the loaded samples.  Therefore, it was determined that neither 4632 nor 
2973 fully disrupt the interaction between MazE and MazF.    
 
2.5.2.b.2. HPLC analysis of oligonucleotide incubated with 4632- and 2973-treated MazEF 
 While MazEF disruption is the simplest way to envision the activation of MazF, it is possible that 
the binding of a compound could alter the conformation of the MazEF complex in such a way that MazF 
would be activated while remaining bound to MazE.  Therefore, the oligonucleotide product(s) resulting 
from incubation of 4632- and 2973-treated MazEF with unlabeled chimeric oligonucleotide (5’-
AAGTCrGACATCAG-3’) were analyzed by HPLC as described in Section 2.2.4.  Reactions were 
 
Figure 2.22.  HPLC evaluation of oligonucleotide cleavage upon incubation with 2973- and 4632-treated MazEF.  A mixture of
2.7 µM MazEF and 24 µM unlabeled chimeric oligonucleotide (5’-AAGTCrGACATCAG-3’) was treated with either DMSO or
234 µM compound, and the reaction was incubated at room temperature for 5 hours.  The integrity of the oligonuceotide was then
assessed by HPLC analysis. Incubation of oligonucleotide with DMSO-treated MazEF resulted in no cleavage, as intact
oligonuceotide eluted from the C18 column after about 14.5 min.  2973- and 4632-treatment did not appear to activate MazF, as
oligonucleotide incubated with compound-treated MazEF was also eluted from the C18 column intact.  A small peak was
observed at about 4 min  for the 2973-treated sample.  The cause of this peak was not investigated, as it was not observed at a
retention time close to that of the cleaved oligonucleotide fragments (see Figure 2.10.).     
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prepared by adding 4.8 µL of either 10 mM compound solutions in DMSO or DMSO alone to 180 µL of 
3 µM MazEF.  Compound-treated MazEF was then immediately added to 20 µL of 240 µM unlabeled 
oligonucleotide, and this reaction was incubated at room temperature for 5 hours.  The contents of these 
reactions were then analyzed by HPLC, and as shown in Figure 2.22, the HPLC traces of oligonucleotide 
incubated with 4632- and 2973-treated MazEF were indistinguishable from that of oligonucleotide 
incubated with MazEF alone.  Thus, increases in fluorescence observed upon incubation of the 
fluorogenic oligonucleotide substrate with 4632- and 2973-treated MazEF did not result from 
oligonucleotide cleavage.  The mechanism by which the compounds displayed MazEF-dependent 
increases in fluorescence is unknown, and the compounds were not further pursued.   
 
2.6. OPTIMIZATION OF MAZE AND MAZF PURIFICATION 
2.6.1. MazEF polyclonal antibiodies 
 To facilitate the detection of MazE and MazF in protein purification fractions, polyclonal anti-
MazEF antibodies were generated at the University of Illinois Immunological Resource Center.  
Antibodies were obtained as crude serum from two separate bleeds of two rabbits, 7-10 and 7-11, that had 
been injected with purified MazE/MazF(His)6.  To assess the immunological activity of these antibodies 
against purified MazEF, Western blot analysis was performed for 4 aliquots of purified 
MazE/MazF(His)6, each containing 600 ng of protein.  These samples were transferred from 4-20% 
gradient SDS-PAGE gels to 4 separate PVDF membranes.  Each of these membranes were then probed 
with either crude serum collected from rabbit 7-10 or 7-11 prior to MazEF injection (pre-immune) or with 
crude serum collected from those same rabbits one week after MazEF injection (first bleed).  As shown in 
Figures 2.23a and 2.23c, the pre-immune serum from neither rabbit showed immunological activity 
against MazEF; however, MazEF was detectable in membranes probed with first bleed serum taken from 
both rabbits (Figures 2.23b and 2.23d).  While MazEF appeared as a smear rather than two distinct bands 
when membranes were probed with serum from the first bleed, second bleed serum allowed the 
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visualization of two resolved bands when 100 ng of purified MazE/MazF(His)6 was subjected to identical 
western blotting conditions (Figure 2.23e).   
 These polyclonal MazEF antibodies provided a sensitive method for the selective detection of 
individual MazE and MazF proteins that was previously unavailable.  Consequently, these antibodies 
were immediately employed to evaluate methods used to purify MazE and MazF from the MazEF 
complex.  (His)6MazE and MazF(His)6 were each purified from their respective His6-tagged MazEF 
complexes as described in Section 2.2.2.  In addition, untagged MazE and MazF were obtained from the 
on-column disruption of the two MazEF constructs by washing with 8 M urea.  Flowthrough fractions 
were collected from these washes with the expectation that they would contain the untagged binding 
partner of resin-bound (His)6-tagged protein in high yield and purity.  Western blot analysis using the 
second bleed of rabbit 7-11 was performed on 100 ng of MazE, (His)6MazE, MazF, and MazF(His)6.  As 
shown in Figure 2.24, none of the proteins were present in the absence of their binding partners.  MazE 
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Figure 2.23.  MazEF polyclonal antibodies.  a-d.  Western blot analysis of 600 ng MazE/MazF(His)6 was performed using a
1:500 dilution of (a) serum taken from rabbit 7-10 prior to MazEF administration, (b) serum from rabbit 7-10 taken 1 week after
administration of MazEF, (c) serum taken from rabbit 7-11 prior to MazEF administration, and (d) serum from rabbit 7-11 taken
1 week after administration of MazEF.  MazE and MazF are not visible on western blots incubated with pre-immune serum.
While not clearly distinguishable in western blots incubated with first bleed serum, the MazEF proteins are visible.  e. Western
blot analysis of 100 ng MazE/MazF(His)6 was performed using  a 1:500 dilution of serum taken from a second bleed of rabbit 7-
11.  Bands corresponding to MazE and MazF(His)6 are clearly visible and distinguishable.  For western blots using MazEF
polyclonal antibodies, anti-rabbit HRP-conjugated secondary antibody was used to visualize membrane-bound MazEF
antibodies.      
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isolated from MazE/MazF(His)6 was the most pure of the proteins, as only a faint band corresponding to 
MazF(His)6 was visible; however, despite multiple washes with various concentrations of urea, untagged 
MazE still remained bound to MazF(His)6, as this protein co-eluted with MazF(His)6.  Neither protein of 
the (His)6MazE/MazF complex was purified from its binding partner, as both (His)6MazE and MazF were 
present in both flow-through and elution fractions collected from the on-column denaturation of this 
complex.  Efforts to optimize the purification of the individual proteins of the MazEF complex by Ni-
NTA agarose metal-affinity chromatography were unsuccessful.  Neither extended incubation times with 
8 M urea nor the employment of other denaturants such as 6M guanidine-HCl sufficiently disrupted the 
complex such that all untagged proteins were washed from the resin.  Therefore, alternative methods of 
protein purification were pursued. 
 
2.6.2. Ion exchange purification of MazE and MazF  
 The isoelectric points (pI) for toxins tend to be much higher than those of antitoxins; in particular, 
the pI for MazF is 8.5 while that for MazE is 4.7.37  This characteristic was exploited to enable the 
separation of MazE and MazF by anion exchange chromatography.  (His)6MazE/MazF was purified by 
Ni-NTA metal affinity chromatography and subsequently dialyzed overnight in a low salt (50 mM NaCl) 
buffer containing 8 M urea and adjusted to pH 7.  The denatured MazEF complex was then passed over a 
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Figure 2.24.  Ni-NTA purification of MazE and MazF as assessed by western blot.  MazE and MazF solutions, determined to be
pure by SDS-PAGE analysis followed by Coomassie-staining, were found to be contaminated with their corresponding binding
partners upon Western blot analysis using MazEF polyclonal antibodies. Lane 1:  100 ng of protein isolated from the flow-
through of a Ni-NTA column following on-column disruption of the MazE/MazF(His)6 complex by 8 M urea.  This solution was
expected to contain pure, untagged MazE.   Lane  2:  100 ng of protein eluted from the same column described for Lane 1:
following multiple column washes with buffer containing various concentrations of urea ranging from 1-7 M. This solution was
expected to contain pure MazF(His)6. Lane 3:  100 ng of protein eluted from a Ni-NTA column following on-column disruption
of the (His)6MazE/MazF complex by 8 M urea and multiple washes with buffer containing urea at 1-7 M concentrations.  This
solution was expected to contain pure (His)6MazE.  Lane 4:  100 ng protein isolated from the flowthrough from a Ni-NTA
column following the on-column disruption of (His)6MazE/MazE described for Lane 3.  This solution was expected to contain
pure, untagged MazF. 
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MonoQ anion exchange column, and protein was eluted by gradually increasing the buffer concentration 
of NaCl to 250 mM over the course of 50 min.  The absorbance of elution fractions at 280 nm was 
monitored to identify those containing high concentrations of protein, and as shown in the chromatogram 
in Figure 2.25a, protein eluted from the column in three bands.  Representative fractions from each peak 
in the chromatogram were analyzed by Western blot using MazEF antibodies from the second bleed of 
rabbit 7-11.  As expected, MazF was eluted from the column first and was observed to be present in high 
purity (Figure 2.25b).  The second peak in the chromatogram corresponded to a high-molecular weight 
contaminating protein, the identity of which is unknown.  This protein also contributed to a lesser extent 
to the third peak of the chromatogram, which corresponded to (His)6MazE.  While fractions 3a and 3b of 
this peak appeared to contain small amounts of MazF in addition to MazE, fraction 3c was found to be 
free of the toxic protein.  Therefore, anion exchange chromatography proved to be a effective method by 
which (His)6MazE and MazF could be purified.  As the MazE/MazF(His)6 protein complex was not 
employed in further studies, no attempts were made to purify MazE and MazF(His)6 from this complex.  
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Figure 2.25.  Purification of (His)6MazE and MazF by anion exchange chromatography.  a. Anion exchange chromatography
was performed under denaturing conditions to purify (His)6MazE and untagged MazF from the (His)6MazE/MazF complex.
Protein was eluted from the column in 3 bands as the concentration of NaCl in the column buffer was increased from 50 mM to
250 mM over the course of 50 min.  Protein-containing fraction, as assessed my measuring the absorbance at 280 nm, were
collected, and those indicated were analyzed by western blot.  b. 10 µL of each indicated fraction in the chromatograph shown in
a were analyzed by western blot using MazEF polyclonal antibodies and HRP-conjugated anti-rabbit secondary antibody.  MazF
was eluted first from the column and is present in fractions 1a-1c.  A contaminant protein of high molecular weight and unknown
identity was eluted in fractions 2a-2c and remained present to a lesser extent in fractions 3a-3c containing (His)6MazE.  Lane 1
contains 5 µL of (His)6MazE/MazF sample that was loaded onto the anion exchange column.   
80 
 
 
2.7. MazE PEPTIDE FRAGMENTS TO PREVENT THE FORMATION OF MazEF COMPLEX 
 The disruption of protein-protein interactions by peptides and peptidomimetics is well-
precedented.39  Often, such peptides are designed to mimic residues important for the binding of one 
protein to another.39  The interaction between MazE and MazF lends itself to this strategy of disruption, as 
the binding of the C-terminus of MazE to the MazF homodimer is easily mimicked by a linear peptide.  
Indeed, Li and coworkers have shown that the peptide fragment made from residues 54-77 of the C-
terminus of MazE is sufficient to inhibit the ribonuclease activity of MazF.40  However, from a 
therapeutic standpoint, MazE-mimics that inhibit MazF activity are undesirable, as the antibacterial 
activity of MazEF disruptors hinges on the liberation of active MazF from the TA complex.  Therefore, 
we sought to identify specific residues of MazE that are important for binding to MazF but do not inhibit 
the toxin.       
 
2.7.1. Peptide design and synthesis 
 Five peptides mimicking regions of MazE that have been shown to interact with the MazF 
homodimer were chosen for this study (Figure 2.26).  The closest to the C-terminus, MazE(71-75), 
contains Trp74, an amino acid residue that is conserved among several MazE homologues.21  This 
tryptophan binds a hydrophobic pocket of MazF, making several van der Waals contacts with MazF 
amino acids.21  MazE(66-71) contains His68, also an invariant amino acid among MazE homologues.21  
This histidine binds a pocket of MazF, forming a hydrogen bond with the carboxylate group of a MazF 
glutamic acid (Glu61).21  Of particular note are MazE(51-55) and MazE(54-59), as these peptides contain 
Leu55 and/or Leu58.  The substitution of these residues with alanine has been shown to prevent the 
binding of MazE to MazF.40  Finally, MazE(28-32) is the only peptide investigated that is not present on 
the C-terminus of MazE.  This peptide encompasses a small patch of residues (Ile29, Asp30, and Glu32) 
that interact with MazF through van der Waals contacts outside of the binding cleft of MazF.21 
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 These peptides, each 5-6 amino acids in length, were synthesized on solid support using standard 
Fmoc chemistry.41  Side chain functionality was protected with acid-labile protecting groups (t-butyl 
esters and trityl) such that global deprotection could be performed simultaneously with cleavage of the 
peptide from Wang resin.  This TFA-mediated cleavage and deprotection was followed by HPLC 
purification, affording MazE(71-75), MazE(54-59), MazE(51-55), and MazE(28-32) in milligram 
quantities.  Unfortunately, MazE(66-71) was lost during HPLC purification, and was therefore not tested 
for activity against the MazEF complex.    
  
2.7.2.  Assessment of peptides for inhibition of MazEF interaction 
 In contrast to the fluorescence-based screen (Section 2.5.2) in which compounds were assessed 
for disruption of pre-formed MazEF complex, MazE peptide fragments were evaluated for prevention of 
MazEF complex formation.  The sensitivity of surface plasmon resonance (SPR) and the amenability of 
this technique to the analysis of (His)6-tagged proteins made it an excellent candidate for the evaluation of 
these peptides.  To assess the robustness of this technique for the detection of  MazF binding to sensor 
MazE(71‐75)
IDWGE
MazE(66‐71)
NLHENI
MazE(54‐59)
TLAELV
MazE(51‐55)
PVFTL
MazE(28‐32)
NIDDE
 
Figure 2.26.  MazE peptide mimics to prevent the interaction of MazE with MazF.  Five short segments (5-6 amino acids) of the
MazE protein were synthesized and assessed for their abilities to prevent the interaction of MazE and MazF.   
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chip-bound (His)6MazE, the two proteins were purified by anion exchange chromatography from the 
(His)6MazE/MazF complex.  They were subsequently refolded by step-down dialysis in which the 
concentration of urea was slowly decreased.  Refolded (His)6MazE was found to bind the surface of a Ni-
NTA-coated chip, as injection of 20 µL of 50 nM (His)6MazE onto the chip resulted in an increase in 
observed response units (RU).  All injections of (His)6MazE were subsequently performed to 100 RU to 
ensure equivalent amounts of bound MazE for each experiment.  To test for binding of refolded MazF to 
chip-bound MazE, 20 µL of MazF at various concentrations were passed over the chip at a rate of 10 
µL/min.  SPR eluent buffer was then continually passed over the chip to allow dissociation of weekly 
bound proteins.  As shown in Figure 2.27, a dose-dependent increase in RU was observed for MazF, 
suggesting the formation of the MazEF complex on the surface of the sensor chip. 
 To identify MazE peptide fragments that prevent the formation of the MazEF complex, 1.2 µM 
MazF was incubated on ice in the presence or absence of 120 µM of each peptide for 1 hour.  Injections 
of (His)6MazE were performed to 130 RU, and 20 µL of each mixture were subsequently passed over 
sensor chip-bound (His)6MazE at a rate of 10 µL/min.  The chip was then washed with SPR eluent buffer 
for 400 seconds at 10 µL/min to allow the dissociation of weakly bound proteins.  As shown in Figure 
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Figure 2.27.  Evaluation of MazF binding to SPR chip-bound (His)6MazE.  (His)6MazE was injected on the SPR chip until an
increase of 100 RU was observed.  20 µL of untagged MazF at various concentrations ranging from 100 to 600 nM was
subsequently flowed over the chip at a rate of 10 µL/min.  Buffer was passed over the chip surface at this same flow rate for an
additional 400 seconds to allow the removal of weakly bound proteins from the surface of the chip.  A dose-dependent increase in
the observed RU was seen for MazF, suggesting that SPR could be used to monitor peptide-induced decreases in MazF binding
to SPR chip-bound MazE. 
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2.28, with the exception of MazE(28-32), none of the peptides prevented the association of MazF to 
MazE, as the injection of peptide-treated MazF resulted in similar increases in RU as that of untreated 
controls.  A slight RU decrease was observed in the presence of MazE(28-32); however, this was 
attributed to a lower concentration of chip-bound MazE rather than prevention of MazEF formation.  
Prior to the injection of MazE(28-32)-treated MazF, (His)6MazE was injected to 100 RU instead of 130 
RU.  The decreased number of chip-bound MazE proteins likely caused untreated MazF to bind to a lesser 
extent than MazF alone.  Thus, it was concluded that none of the five MazE peptide fragments affected 
the formation of the MazEF complex.   
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Figure 2.28.  SPR evaluation of MazE peptide mimics for prevention of MazEF complex formation.  1.2 µM untagged MazF
was incubated on ice for 1 hour in the presence or absence of 120 µM of each peptide.  20 µL of each incubation were then
passed over a SPR chip that had been previously charged with (His)6MazE to 130 RU.  Buffer was then passed over the chip at a
rate of 10 µL/min for 5 min to allow weakly-bound proteins to dissociate from the chip.  Only one peptide, MazE(28-32) resulted
in an RU decrease relative to MazF alone; however, this decrease was attributed to decreased binding of MazE to the SPR chip
rather than the interference of MazE(28-32) in the binding of MazF to MazE, as the chip was charged to 100 RU with
(His)6MazE instead of to 130 RU. 
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2.8. SUMMARY AND FUTURE DIRECTIONS 
 The recently realized biological significance of the MazEF toxin-antitoxin system and the great 
extent to which this system has been characterized make it an attractive target for the development of 
novel antibacterial compounds.  To this end, the mazEF gene cassette was cloned into two expression 
vectors such that both MazE and MazF could be expressed with (His)6-tags in two separate constructs.  
While these tags enabled the purification of the MazEF complex, they were found to be insufficient to 
purify (His)6MazE and MazF(His)6 and a more robust method of purification involving anion exchange 
chromatography was optimized.  The evaluation of these purification methods was greatly facilitated by 
the use of polyclonal antibodies to MazEF, which were generated as part of this thesis research. 
 The identification of small molecule disruptors of the MazEF complex via high-throughput 
screening techniques required the development of an assay by which the activity of liberated MazF could 
be easily assessed.  A fluorogenic chimeric oligonucleotide substrate of MazF was therefore designed to 
report this enzyme’s ribonuclease activity.  The validation of the fluorescence-based assay included the 
characterization of enzymatic activity of the MazF toxin, an effort that was previously hindered by a lack 
of facile, continuous assays for MazF activity.  The cleavage of this substrate by MazF was found to 
proceed according to Michaelis-Menten kinetics, and the KM and Vmax for this reaction were determined 
to be 6.9 ± 1.9 µM and 0.37 ± 0.02 pmol/min, respectively.  In addition, several inhibitors of RNase A 
were assessed for their activities against MazF, as the formation of similar cleavage products by these two 
enzymes have led to speculation that the two share a common mechanism.  However, inhibition of MazF 
in the presence of RNase A inhibitors, pAp and RI, was not observed at the concentrations tested.   
The successful development of a fluorescence-based assay for MazF activity enabled a screen of 
174,000 compounds for MazEF complex disruptors.  While compounds were identified from this screen 
that induced MazEF-dependent increases in oligonucleotide fluorescence over time, these compounds 
were shown to neither disrupt the MazEF complex nor induce MazF-mediated cleavage of the fluorescent 
oligonucleotide.  These results draw attention to some of the inherent challenges to disrupting toxin-
antitoxin protein complexes.  First, antitoxins tend to bind their corresponding toxins very tightly; in 
85 
 
particular, the dissociation constant for the MazEF complex has been estimated to be less than 100 nM.40  
This tight binding is likely owing to the extensive nature of interaction between the peptidic C-terminus 
of the MazE antitoxin and the MazF homodimer interface.  However, the disruption of similar 
interactions has been achieved with both small molecules and peptides.  For example, a 0.6 nM 
interaction between anti-apoptotic proteins Bad and Bcl-xL has been shown to be disrupted by both a 
small molecule and a peptide derived from the structure of Bad.42-44   
In a similar approach, we attempted to identify MazE peptide fragments that would prevent the 
interaction between the MazE and MazF proteins.  Four peptide fragments were synthesized and 
evaluated by SPR for prevention of complex formation; however, MazF binding was found to be 
unaffected by these peptides.  Therefore, work is currently underway in the Hergenrother lab to identify 
peptidic disruptors of TA interactions via phage display.  This approach may prove more fruitful for the 
development of peptidomimetic modulators of interaction between toxins and antitoxins.   
Finally, another challenge associated with the pursuit of therapeutically useful disruptors of TA 
complexes is the requirement that TA complex disruption be accompanied by the release of enzymatically 
active toxin.  In other words, small molecules must disrupt the toxin-antitoxin complex without inhibiting 
the toxin.  This strict requirement may have contributed to the low number of lead compounds identified 
from the fluorescence-based screen for MazEF disruptors described in this chapter.  To increase our 
chances of success, we plan to employ this assay to screen a larger library of compounds at the NIH-
funded Molecular Libraries Probe Center Network (MLPCN) for MazEF disruption.   
 
2.9.  MATERIALS AND METHODS 
Materials.  Primers, unlabeled oligonucleotides, oligonucleotides of the sequence 5’-
AAGTCrGACATCAG-3’ labeled with 6-carboxyfluorescein (6-FAM) on the 5’-end and with Black Hole 
Quencher 1 (BHQ1) on the 3’-end, and the corresponding oligonucleotide cleavage fragments, 6-FAM-
labeled 5’-AAGTCG-3’ and BHQ1-labeled 5’-ACATCAG-3’, were purchased from Integrated DNA 
Technologies (Coralville, IA).  Black, tissue culture treated 384-well plates were purchased from Matrix 
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Technologies (Hudson, NH).  Ni-NTA protein purification buffers were modified from those described 
for protein purification under native conditions by Qiagen (Valencia, CA).  Binding buffer consisted of 50 
mM Tris-Cl (pH 8.0), 300 mM NaCl, and 10 mM imidazole, wash buffer consisted of 50 mM Tris-Cl (pH 
8.0), 300 mM NaCl, 20 mM imidazole, and elution buffer contained 50 mM Tris-Cl (pH 8.0), 300 mM 
NaCl, and 250 mM imidazole. 
 
Cloning.  The mazEF gene cassette was amplified by PCR (primers 5’-CACCATGATCCA 
CAGTAGCGTAAAGCGTTGG-3’ and 5’-CTACCCAATCAGTACGTTAATTTTGGC-3’) using 
plasmid DNA extracted from a clinical isolate of vancomycin resistant enterococci (SL171RF);5 sequence 
analysis of this mazEF locus showed it to be identical to the mazEF sequence from the E. coli 
chromosome.  Plasmid pKm6EF was then constructed by cloning the amplified mazEF gene cassette into 
the pET200 expression vector using the Champion pET Directional TOPO Expression Kit (Invitrogen, 
Carlsbad, CA).  pKm6EF encodes the MazEF protein complex with an N-terminal histidine-6 tag; thus in 
this system, the histidine tag is appended to the N-terminus of the MazE protein, and the MazF protein is 
not tagged.  To create an expression vector that would result in an untagged MazE and a C-terminally 
tagged MazF, site-directed mutagenesis of pKm6EF was performed in two rounds to install restriction 
sites on each end of the mazEF gene cassette.  The first round introduced an NcoI restriction site on the 
5’-end of the gene (primers 5’-GATAAGGATCATCCCTTCACCATGGTCCACAGTAGCGTAAAG 
CG-3’ and 5’–CGCTTTACGCTACTGTGGACCATGGTGAAGGGATGATCCTTATC-3’) and the 
second round of mutagenesis introduced a XhoI cut site on the 3’-end of the mazEF insert and removed 
the stop codon to allow translation of a 3’-histidine-6 tag (primers 5’GGATCGTTGAGCTCGAGCTTCT 
TCCCAATCAGTACGTTAATTTTGG-3’ and        5’CCAAAATTAACGTACTGATTGGGAAGAAGC 
TCGAGCTCAACGATCC-3’).  The mazEF gene was excised from this mutated pKm6EF plasmid with 
NcoI and XhoI and digestion products were run on a 0.6% agarose gel.  The mazEF gene cassette was 
purified by gel extraction and cloned into the pET28a expression vector (Novagen, San Diego, CA) to 
construct plasmid pKmEF6. 
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 Each site directed mutagenesis reaction was performed in a final volume of 50 µL containing 1 
ng/µL template DNA, 2.5 ng/µL each primer, 200 µM each deoxynucleoside triphosphate, 2.5 units of 
PfuTurbo DNA polymerase (Stratagene, La Jolla, CA), 10 mM KCl, 10 mM (NH4)2SO4, 20 mM Tris-HCl 
(pH 8.8), 2 mM MgSO4, 0.1% Triton X-100, and 100 ng/µL bovine serum albumin (BSA).  Reactions 
were carried out in a PTC-200 DNA thermal cycler (MJ Research, Cambridge, MA) with an initial 
denaturation step (95°C, 30 sec) followed by 20 cycles of denaturation (95°C, 30 sec), annealing  (55°C, 
1 min), and extension (68°C, 7 min).  DnpI (20 units; New England Biolabs, Ipswich, MA) was 
subsequently added to each reaction and digests were allowed to incubate at 37°C for 1 hour.   
 
Protein expression and purification.  (His)6MazE/MazF and MazE/MazF(His)6 were expressed using 
the same procedure.  A 20 mL overnight culture of E. coli BL21(DE3) transformed with the appropriate 
expression vector (either pKm6EF or pKmEF6, respectively) was used to inoculate 2 L of selective LB 
media.  The bacterial culture was grown at 37°C to OD600 = 0.4, and protein expression was then induced 
by addition of IPTG (Research Products International, Mt. Prospect, IL) to a final concentration of 1.0 
mM.  The culture was allowed to grow for an additional 4 hours.  Cells were then harvested by 
centrifugation and stored in pellets (corresponding to 1 L of culture) at -20°C.   
 Protocols for protein purification by Ni-NTA metal affinity chromatography were modified from 
protocols reported by Zhang.25  To purify MazF(His)6 using Ni-NTA, a MazE/MazF(His)6 expression 
pellet was thawed at room temperature and resuspended in 10 mL cold binding buffer (50 mM Tris-Cl, 
300 mM NaCl, 10 mM imidazole, pH 8.0).  Cells were subsequently lysed by sonication and lysate was 
centrifuged (35,000×g for 30 min).  Subsequent steps of purification of MazEF from the supernatant were 
performed at 4°C.  The protein complex was trapped on Ni-NTA resin by mixing 2 mL Qiagen NTA resin 
with the supernatant by inversion for 1 hour.  Resin was then washed with 10 mL of binding buffer 
containing 8 M urea to disrupt the MazE-MazF interaction and remove MazE.  This was followed with 
seven washes of 10 mL urea/binding buffer with the concentration of urea decreasing by 1 M each wash 
to slowly refold the protein on the column.  The resin was then washed with 10 mL binding buffer and 10 
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mL wash buffer.  MazF(His)6 was eluted with 5 mL elution buffer and the elution was collected in 5, 1 
mL fractions.  (His)6MazE was purified using Ni-NTA metal affinity chromatography in an analogous 
fashion to that described above from (His)6MazE/MazF expression pellets.   
 To purify (His)6MazE and MazF by anion exchange chromatography, Ni-NTA metal affinity-
purified (His)6MazE/MazF complex was dialyzed at room temperature overnight in 2 L of low-salt anion 
exchange buffer (20 mM triethanolamine, 50 mM NaCl, 8 M urea, pH 7.0).  Dialyzed protein was 
subsequently loaded into 1 inch of headspace of a Sephadex MonoQ anion exchange column (GE 
Healthcare) equilibrated with low-salt anion exchange buffer.  Low-salt anion exchange buffer was 
allowed to run through the column for 5 min at a flow rate of 1.5 mL/min, and this flow rate was 
maintained throughout the course of the experiment.  Using a gradient mixer and high-salt anion 
exchange buffer (20 mM triethanolamine, 500 mM NaCl, 8 M urea, pH 7.0), the concentration of NaCl in 
the buffer applied to the column was gradually increased to 250 mM NaCl over the course of 50 minutes.  
Column elution was monitored for the presence of protein by measuring the absorbance at 280 nm, and 
fractions containing high levels of protein were collected and analyzed by Western blot.  To refold the 
MazE and MazF proteins, step-down dialysis was performed at 4°C in 2 L volumes of binding buffer 
containing decreasing concentrations of urea (6 M, 4 M, 2 M, 1 M, and no urea).  Urea concentrations in 
dialysis buffer were decreased every 2-3 hours with each buffer change.  Proteins were dialyzed overnight 
in the final dialysis buffer lacking urea. 
Protein concentration was determined by Bradford assay.  To enhance the accuracy of these 
concentration measurements, calibration curves were constructed for each protein by performing the 
Bradford assay on resolubilized lyophilized protein of known mass.  As these calibration curves were 
used in future experiments to relate absorbance values from the Bradford assay to protein concentration, 
the Bradford assay was performed in exactly the same manner every time.  To perform this assay, 60 µL 
water was added to 20 µL protein solution in a well of a 96-well plate.  Then, 20 µL Bradford assay dye 
(Bio-Rad Laboratories, Hercules, CA) was added to the well and mixed by pipetting up and down.  The 
absorbance of the well at 595 nm was read exactly 10 minutes after addition of Bradford assay dye to the 
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well.  Elution fractions for both proteins were stored on ice for no more than two hours before they were 
used in experiments, as a decrease in MazF(His)6 activity was observed with longer storage times. 
 
Analysis of oligonucleotide cleavage products using 32P-labeled oligonucleotide. Protein solutions 
were prepared in elution buffer to achieve a final reaction concentration of MazF(His)6 of 9 µM.  Protein 
solutions in 10 µL volumes were added to 5 µL 32P-labeled oligonucleotide prepared by Jason Thomas 
and incubated for 1 hour at room temperature.  Elution buffer was used for positive and negative control, 
and 1 µL of RNase I (Ambion) was added to the positive control well.  Reactions were quenched with 
loading dye (90% formamide, 50 mM EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol) and run on a 
20% acrylamide/8 M urea denaturing gel.  The gel was exposed to an autroradiography screen for 12 
hours and the screen was imaged on a Storm scanner.   
 
HPLC analysis of oligonucleotide cleavage products.  A 250 µL solution of 11.5 µM MazF(His)6  (or 3 
µM MazE/MazF(His)6) and 24 µM chimeric oligonucleotide of the sequence 5’-AAGTCrGACATCAG-
3’ in elution buffer were incubated for 5 hours at room temperature.  The reaction mixture was 
subsequently flash frozen in liquid nitrogen.  A 100 µL portion of each thawed reaction mixture was 
analyzed by HPLC using a Biocad Sprint liquid chromatograph (260 nm detector).  An Xterra MS C18 
column (10 mm × 50 mm, 2.5 µm; Waters Corporation, Milford, MA) was used to separate intact 
oligonucleotide from cleavage fragments with a linear gradient from 0.1 M triethylammonium acetate 
(TEAA) (pH 7.0) to 0.085 M TEAA/15% acetonitrile (pH 7.0) over 20 min.  Fractions with A260 of 
greater than 0.01 were collected and lyophilized.  Lyophilized oligonucleotide was resuspended in 100 µL 
RNase-free water and analyzed by MALDI mass spectrometry.     
 
Fluorescence plate reader settings. Fluorescence was measured on a Criterion Analyst AD (Molecular 
Devices, Sunnyvale, CA) using a 485 ± 15 nm excitation filter, a 530 ± 15 nm emission filter, and a 505 
90 
 
nm cut-off dichroic mirror.  The fluorophore was excited with a 1000 W continuous lamp with 10 reads 
per well.   
 
Oligonucleotide cleavage assay.  Wells of a black 384-well plate were filled with 5 µL of the 6-FAM 
and BHQ1 dually labeled fluorescent oligonucleotide in TE buffer and 10 µL cold elution buffer.  
Fluorescence of the filled wells was measured every 20 sec for 20 min, at which point 15 µL of either 
cold elution buffer or MazF was added.  Fluorescence was subsequently measured every 20 seconds for 
33.3 min.   
 
Construction of calibration plot.  Solutions containing a 1:1 (mol/mol) mixture of the labeled 5’- and 
3’-cleavage fragments at concentrations of 0.3, 0.6, 1.5, 3.0, 6.0, and 9.0 µM were prepared by dilution 
with TE buffer.  Wells of a black 384-well plate were filled with 5 µL of each solution and 10 µL cold 
elution buffer.  Fluorescence of the filled wells was measured as described above.  A 15 µL portion of 
cold elution buffer was added to each well after a 20 minute read.  Fluorescence values at the 20 min 
timepoint (20 min after second elution buffer addition) were used to construct a calibration plot of relative 
fluorescence units (RFUs) against oligonucleotide fragment concentration.  This experiment was repeated 
and a calibration plot was constructed for each plate read. 
 
Kinetic analysis.   Slopes derived from the MazF processing of the labeled substrate were compared to 
controls in which no enzyme was added.  Data obtained for these controls (in which just elution buffer 
was added) was subtracted from that obtained for addition of MazF, and the difference was converted 
from relative fluorescence units to pmol oligonucleotide cleaved using the slope obtained from the 
calibration plot.  Microsoft Excel was used to perform linear regression analysis on this data to obtain 
initial velocities for reactions involving MazF and a range of fluorescent oligonucleotides (0.05 µM – 50 
µM).  The initial velocities were plotted against substrate concentration and, using Kaleidagraph graphing 
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software (Synergy Software), the Michaelis-Menten equation was fit to the data for oligonucleotide 
concentrations < 0.3 µM and > 20 µM.    
 
MazE inhibition studies.  Experiments were performed as described for the oligonucleotide cleavage 
assay for 20 µM fluorescent oligonucleotide substrate; however, in addition to preparing a reaction by 
adding MazF(His)6 alone to the elution buffer/oligonucleotide solution, another reaction was prepared by 
adding a mixture of separately purified (His)6MazE and MazF(His)6 to a final concentration of  1.5 µM 
and 3 µM, respectively.  The MazE/MazF mixture was allowed to incubate on ice for 10 min before 
addition to the well.  Data obtained was background subtracted as described above. 
 
Ribonuclease inhibitor protein (RI) inhibition studies.  Experiments were performed as described for 
MazE inhibition studies; however, a 2:1 (v/v) mixture of MazF(His)6 and Protector RNase Inhibitor 
(Roche, Nutley, NJ) was added to the oligonucleotide/elution buffer solution to a final concentration of 3 
µM and 6.7 U/µL, respectively.  The reaction involving MazF(His)6 alone was prepared in such a way 
that a 2:1 (v/v) mixture of MazF(His)6 and RI storage buffer (50 mM Hepes (pH 7.6), 20 mM potassium 
chloride, 8 mM DTT, 50% glycerol) was added to account for the effect of DTT and glycerol on reaction 
velocity.  
 
Adenosine 3’,5’-diphosphate (pAp) inhibition studies.  Experiments were performed as described for 
MazE inhibition studies.  A solution of MazF(His)6 and pAp were added to the oligonucleotide/elution 
buffer solution to a final concentration of 3 µM and 1 mM, respectively. 
 
High-throughput screen simulation.  A 25 µL solution of 0.9 µM MazE/MazF(His)6 was delivered to 
all wells of a black 384-well plate excluding wells in column 24 and wells M3, J7, G13, and C18.  
Column 24 was reserved for control reactions (25 µL elution buffer in A, B, and C; 25 µL 0.9 µM 
MazE/MazF(His)6 in wells D, E, and F; 25 µL MazF(His)6 in wells G, H, and I) and 25 µL of 3.6 µM 
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MazF(His)6 was pipetted into each of the four remaining wells.  Compounds at 10 mM concentrations 
from Marvel Library36 plate 2 were delivered in 1 µL volumes to the first 23 columns of the plate via a 
pin-transfer device, and 5 µL fluorescent oligonucleotide substrate was added to each well to a final 
concentration of 12.5 nM.  Immediately after substrate addition (t = 0), the fluorescence of each well was 
measured (ex = 485 nm; em = 530 nm).  The plate was then incubated in the dark at room temperature for 
2.5 hours.  The fluorescence of the wells were then quantified again, and the fluorescence values for the t 
= 0 read were subtracted from those obtained after 2.5 hours. 
 
High-throughput screen for MazEF disruptors.  For the screen of the Marvel and 14,000-member 
Chembridge libraries, 25 µL of 1.5 µM (His)6MazE/MazF was added to each well of a black 384-well 
plate.  A pin-transfer device was used to add an estimated 1 µL of 10 mM or 10 mg/mL (depending on 
source of compound) compound solution in DMSO to each well.  This solution was incubated at room 
temperature for 2 hours.  Three wells containing no compound were filled with 25 µL of 1.5 µM 
(His)6MazE/MazF.  Another three wells were filled with 25 µL of 6 µM MazF(His)6 solution, and yet 
another three wells were filled with elution buffer alone.  The plate was moved to a dark room and 5 µL 
of 75 nM oligonucleotide solution was added to each well.  The fluorescence of the plate was then 
immediately measured using an Analyst AD fluorometer.  The excitation of this fluorometer was set to 
495±15 nm and the emission was set to 530±15 nm.  A 505 nm dichroic filter was used.  The plate was 
incubated at room temperature in the dark for 5 hours, after which the fluorescence of the plate was read 
again with the same settings. 
 The 150,000-member Chembridge library was screened as described above with minor 
modifications.  First, MazE/MazF(His)6 was used instead of (His)6MazE/MazF, but was used at the same 
concentrations.  Second, 5 mg/mL compound solutions in DMSO were transferred from storage plates in 
1 µL volumes to 384-well screening plates using pipette tips instead of via pin-transfer.  Finally, 
compounds were not incubated with MazEF complex for 2 hours prior to oligonucleotide addition.  Plates 
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were moved to a dark room immediately after addition of compounds to MazEF solution, and fluorescent 
substrate was subsequently added to plates.   
 
Retesting of primary hits.  Primary hits were retested as described for the high-throughput screen of the 
150,000-member Chembridge library for MazEF disruptors, with the exception that the plate was read by 
the fluorimeter (same settings) every 3 minutes for 5 hours.   
  
Evaluation of MazEF disruption by native gel electrophoresis.  Native gel conditions described 
previously for the MazEF complex were employed.37  The composition of the resolving gel was 10% 
acrylamide-bis (29:1) in 187.5 mM Tris-HCl buffer (pH 8.9) and that of the stacking gel was 5% 
acrylamide-bis (29:1) in 62.5 mM Tris-HCl (pH 7.5).  Samples were mixed in equal volumes with 2x 
native gel loading dye (40 mM Tris-HCl, 80 mM 2-mercaptoethanol, 0.08% bromophenol blue, 8% 
glycerol, pH 7.5) prior to analysis.  Native gels were run at 4°C in chilled running buffer (82.6 mM Tris-
HCl, 33 mM glycine, pH 9.4) for 50 min at 150 V and were subsequently stained with Coomassie Blue.   
 To test compounds for MazEF disruption, 2 µL of 1.5 mM compound solution in DMSO or 
DMSO alone were each added to 20 µL of both 5.3 µM MazE/MazF(His)6 and 32.9 µM (His)6MazE.  
Solutions were incubated at 4°C for 1 hour and were subsequently mixed with 20 µL 2x native gel 
loading dye.  The entirety of each solution was then analyzed by native gel electrophoresis as described 
above. 
 
Evaluation of MazF activation by HPLC.  To prepare oligonucleotide reactions for HPLC analysis, 4.8 
µL of 10mM compound solution in DMSO or DMSO alone were each added to 180 µL of 3 µM 
MazE/MazF(His)6.  20 µL of 240 µM unlabeled chimeric oligonucleotide in TE buffer (5’-
AAGTCrGACATCAG-3’) was immediately added to these solutions, and reactions were incubated at 
room temperature for 5 hours.  Samples were then frozen at -20°C and thawed immediately before 
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analysis by HPLC.  HPLC analysis was performed as described for HPLC analysis of oligonucleotide 
cleavage products. 
 
Western blot analysis of MazEF.  MazEF samples were separated by SDS-PAGE in 4-20% Tris-HCl 
precast gels (Bio-Rad) for about 80 min at 120 V.  Proteins were subsequently transferred to an 
Immobilon-P PVDF membrane (Millipore) using a Bio-Rad Trans-Blot electrophoretic transfer apparatus 
in cold Towbin transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3) for 2 hours at 45 V.  
Before probing, membranes were blocked overnight at 4°C with gentle shaking in 20 mL phosphate-
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4·7H20, 1.4 mM KH2PO4, pH 7.3) 
containing 5% nonfat dried milk (Carnation).  Membranes were probed for 1 hour with a 1:500 dilution of 
serum containing MazEF polyclonal antibodies in PBS, washed with PBS, and then incubated in a 
1:20,000 dilution of mouse anti-rabbit IgG-horseradish peroxidase conjugated antiserum (Pierce) in PBS.  
Antibody binding was then detected with Supersignal West Pico Chemiluminescent substrate (Pierce) 
followed by exposure to autoradiography film.  Film was developed using a Future 2000 K automatic x-
ray film processor (Fisher Scientific).     
 
General procedure for the synthesis of MazE peptide mimics.  All reactions involving solid-supported 
reagents were performed in a 15 mL fritted glass funnel fitted on top with a vented septum.  This reaction 
vessel allowed nitrogen to be pumped into the bottom of the funnel and through the frit, which suspended 
the resin in solution throughout the course of reactions.  This setup also facilitated the removal of liquid 
reagents and wash solutions from resin, as reactions were easily filtered without transferring them to 
another vessel.    
 Fmoc deprotection and amino acid coupling reactions were monitored by ninhydrin as described 
by Chan.41  Briefly, a small aliquot of resin slurry was removed from reaction and mixed with 2 drops of 
each of the following solutions:  Ninhydrin solution A (5% ninhydrin in ethyl alcohol), Ninhydrin 
solution B (80% phenol in ethyl alcohol), and Ninhydrin solution C (20 µM potassium cyanide in 
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pyridine).  The mixture was allowed to incubate at 120°C for 5 min.  Free amine was indicated by a color 
change of the resin to purple.   
100 mg of Wang resin preloaded with the Fmoc-protected C-terminal amino acid for each peptide 
was swelled for 30 min in a 9:1 mixture of methylene chloride (DCM) and dimethylformamide (DMF).  
The slurry was transferred to the fritted glass funnel reaction vessel and DMF was removed by filtration.  
Fmoc-deprotection was performed in 2 mL of 20% piperidine in DMF for 10 min and was verified by 
ninhydrin upon filtration of piperidine solution from resin and 3, 2 mL washes with DMF.  Amino acids 
(230 µmol) were activated for peptide coupling in 5 mL DMF by the addition of  N-hydroxybenzotriazole 
(HOBt; 230 µM, 1 eq) and the subsequent dropwise addition of 1,3,-diisopropylcarbodiimide (DIC; 230 
µM, 1 eq).  Activation of the carboxylic acid was allowed to proceed under nitrogen atmosphere for 30 
min at room temperature, and was then added to Fmoc-deprotected resin in the fritted glass funnel 
reaction vessel.  Peptide coupling was performed under nitrogen atmosphere for 1 hour.  Resin was 
subsequently filtered and washed 3 times with 2 mL DMF, and complete peptide coupling was verified by 
ninhydrin.  Iterative Fmoc-deprotection and peptide coupling reactions were performed in this manner for 
each amino acid of the peptide sequence.   
Simultaneous global deprotection of the amino acid side chains and cleavage of the Fmoc-
deprotected peptide from Wang resin was achieved by addition of 2 mL of a 38:1:1 mixture of TFA, 
water, and ethanedithiol to dried resin.  This deprotection/cleavage reaction was allowed to proceed under 
nitrogen atmosphere for 1 hr 15 min.  Cleavage cocktail was filtered from the resin and the resin was 
washed twice with 2 mL neat TFA.  Filtrates were combined and reduced by evaporation.  Peptide was 
washed 3 times with 10 mL ice cold ether and purified by HPLC. 
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MazE(28-32).  LRMS (ESI) calculated for C23H36N6O13 604.2, found 604.6. 
 
 
MazE(51-55). LRMS (ESI) calculated for C29H45N5O7 575.3, found 575.7. 
 
 
MazE(54-59).  LRMS (ESI) calculated for C29H52N6O10 644.3, found 644.5. 
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MazE(71-75).  LRMS (ESI) calculated for C28H38N6O10 618.3, found 618.6. 
 
SPR analysis of MazE peptide mimics.  To prepare proteins for SPR, refolded anion exchange purified 
(His)6MazE and MazF were dialyzed overnight in SPR eluent buffer (10 mM HEPES, 150 mM NaCl, 50 
µM EDTA, 0.005% Biacore Surfactant P20).  Dialyzed protein solutions were then stored on ice.  In 
addition, each peptide was added to 1 mL of 1.2 µM MazF such that the final peptide concentration was 
120 µM.  These solutions were also incubated on ice for 1 hour prior to injection onto the MazE-bound 
SPR chip.   
MazEF interaction measurements were carried out using an NTA-coupled sensor chip (BIAcore) 
in a BIAcore 3000 (Amersham Biosciences). Two flow cells of this sensor chip were used; (His)6MazE 
was not passed over the first cell such that nonspecific binding of MazF to the sensor chip surface could 
be observed.  All solutions described below were passed over the second flow cell.  Both flow cells were 
charged to ~70 RU with nickel by passing 20 µL of SPR Ni buffer (10 mM HEPES, 150 mM NaCl, 50 
µM EDTA, 500 µM NiCl2, 0.005% BIAcore Surfactant P20, pH 7.4) over the chip at a rate of 20 µL/min.  
(His)6MazE was subsequently coupled only to the second Ni-charged flow cell to 100-130 response units 
by injection of ~20 µL of 50 nM (His)6MazE at a flow rate of 20 µL/min.  The flow rate was 
subsequently decreased to 10 µL/min, and 20 µL eluent buffer was passed over both flow cells of the 
chip.  Finally, 20 µL MazF in either the presence or absence of peptide was passed over both flow cells of 
the chip at a rate of 10 µL/min.  RU values observed for the first flow cell in which (His)6MazE was not 
 
MazE (71-75) 
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injected were subtracted from those measured in the second flow cell.  This procedure was followed for 
each MazF/peptide solution, and the SPR chip was regenerated between experiments with 20 µL of SPR 
regeneration solution (10 mM HEPES, 150 mM NaCl, 350 mM EDTA, 0.005% BIAcore Surfactant P20, 
pH 8.3) at a flow rate of 20 µL/min.    
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CHAPTER 3 
THE EVALUATION OF NOVEL ANTIBACTERIALS DISCOVERED BY WHOLE CELL 
SCREENING 
 
3.1. INTRODUCTION 
 As discussed in Chapter 1, the whole cell screening approach to antibiotic discovery has been, by 
far, the most successful.  Indeed, all clinically available antibiotics were identified by their induction of a 
growth inhibition phenotype in bacteria.  Inspired by this precedence, we applied the whole cell screening 
approach in an effort to identify novel antibacterial compounds with potent activity against Gram-positive 
and/or Gram-negative bacterial strains.  Herein, is described these screening efforts and the subsequent 
preclinical evaluation of the identified antibacterial compounds.    
 
3.2.  HIGH-THROUGHPUT WHOLE CELL SCREENS FOR ANTIBACTERIAL COMPOUNDS 
 In an effort to identify growth inhibitors of clinically relevant Gram-negative and Gram-positive 
bacterial pathogens, whole cell screens were performed against both S. aureus and A. baumannii.  Each of 
these bacterial strains was challenged with compounds from two libraries:  the 150,000-member 
Chembridge library described in Chapter 2, and the HTSF library, an in-house collection of 4,800 
compounds.  In addition, general antibacterial compounds identified by Elizabeth Moritz and Manuel 
Rodriguez from cell-based screens for disruptors of the RelBE and CcdAB toxin-antitoxin systems were 
further investigated.  The procedures for each of these screens and subsequent retests of primary hit 
compounds will be described in this section.   
 
3.2.1.  Screen for inhibitors of S. aureus growth 
 Compounds from the Chembridge and HTSF libraries were screened at 16 µg/mL and 32 µM, 
respectively, for growth inhibition of S. aureus (ATCC 12608).  To achieve this, compound solutions 
were delivered in 2.5 µL volumes to each well in columns 3-22 of sterile, clear 384-well plates.  Wells in 
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columns 1 and 2, reserved for positive growth controls, and columns 23 and 24, reserved for negative 
growth controls, each received 2.5 µL DMSO.  Mueller-Hinton (MH) broth inoculated with S. aureus at a 
density of 5 × 106 cfu/mL was then added in 72.5 µL volumes to all wells except those reserved for 
negative growth controls, which instead received 72.5 µL sterile MH broth.  Plates were wrapped with 
parafilm to prevent evaporation and were then incubated at room temperature for 24 hours.  The effect of 
compounds on bacterial growth was assessed by measuring the optical density (OD) of the culture in each 
well and calculating the percent growth inhibition relative to positive growth controls.   
 The threshold for a compound to be considered a “hit” was set at 90% growth inhibition, such 
that pursued compounds would display MIC90 values no greater than 16 µg/mL (32 µM for a compound 
with a molecular weight of 500).  Of the 154,800 screened compounds, 936 inhibited at least 90% of S. 
aureus growth (Figure 3.1).  The evaluation of such a large number of compounds in standard 
microbiological assays is infeasible; therefore, we sought to increase the stringency of the conditions 
 
Figure 3.1.  Representative plate from a screen for inhibitors of S.aureus growth.  Liquid culture of S. aureus (ATCC 12608) at a
density of 5 × 106 cfu/mL in MH broth was added in 72.5 µL volumes to wells in all but two columns of a 384-well plate.  The
remaining two columns were reserved for negative growth controls and received 72.5 µL sterile MH broth per well.  Wells of two
culture-filled columns were reserved for positive growth controls; these wells and negative growth control wells were each
treated with 2.5 µL of DMSO.  Remaining wells were treated with 2.5 µL of compound solution to a final concentration of 16
µg/mL or 32 µM, depending on the library screened.  Plates were wrapped in parafilm and incubated at room temperature for 24
hours.  Growth was assessed by measuring the optical density of each well and percent growth inhibition was calculated relative
to positive growth controls.  The percent growth inhibition values for compounds (black dots) in Plate 1 of the Chembridge
library are shown above.  Compounds displaying growth inhibition values greater than 90% (red dashed line) were further
evaluated.  Two hit compounds were identified from Plate 1 of the Chembridge library. 
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under which compounds were retested.  Serum-influenced growth inhibition assays and hemolysis assays 
are both amenable to the simultaneous evaluation of a large number of compounds.  Consequently, hit 
compounds were further evaluated using these assays. 
 
3.2.1.a.  Retesting hit compounds in 10% serum 
 As discussed in Chapter 1, the in vivo efficacy of antibacterial compounds can be significantly 
reduced by their binding to HSA.  In order to identify those compounds with serum-binding properties, 
869 hit compounds lacking obvious structural similarity to known antibiotics were retested for 
antibacterial activity against S. aureus in the presence of 10% serum.  The procedure for this retest was 
similar to that described for the screen above.  Hit compounds were transferred in 2.5 µL volumes from 
their storage plates to a clear, sterile 384-well plate.  MH broth supplemented with 10% human serum and 
inoculated with S. aureus was subsequently added.  Positive- and negative-growth controls were 
performed as described above using serum-supplemented MH broth.  
 By retesting hit compounds in the presence of serum, we identified 801 compounds that were 
either false-positive hits in the primary screen for inhibitors of S. aureus growth or were inactivated by 
the presence of serum (Figure 3.2).  These compounds displayed growth inhibition values of less than 
Figure 3.2.  High-throughput evaluation of hit compounds for inhibition of S. aureus (ATCC 12608) growth in the presence of
serum.  The growth inhibition properties of hit compounds from the primary screen of inhibitors of S. aureus growth were
assessed as described in Figure 3.1. with the exception that MH broth was supplemented with 10% human serum.  The percent
growth inhibition values observed in the presence of human serum for hit compounds (black dots) from the Chembridge and
HTSF libraries are shown above.  Compounds displaying growth inhibition values greater than 90% (red dashed lines) were
further evaluated in hemolysis assays.  Sixty hit compounds from the Chembridge library and eight from the HTSF library
retained their activities in the presence of 10% serum. 
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90% in this retest and were therefore not pursued further.  The remaining 68 hit compounds retained their 
growth inhibition properties in the presence of serum and were advanced to evaluation in hemolysis 
assays.  
 
3.2.1.b.  Elimination of hemolytic hit compounds 
 To identify nonspecific membrane disruptors, hit compounds were tested for hemolytic activity.  
Standard assay conditions described by Singh and coworkers1 were modified to minimize the amount of 
compound required for testing.  Compounds were transferred from their storage plates in 1 µL volumes to 
0.5 mL tubes containing 19 µL red blood cell (RBC) buffer.  Negative controls were treated similarly 
with DMSO and positive control tubes received DMSO and water.  A 10 µL suspension of washed human 
erythrocytes in RBC buffer was added to each tube, and treated erythrocytes were subsequently incubated 
at 37°C for 2 hours.  Samples were then centrifuged to remove intact cells and cellular debris, and levels 
of hemoglobin in resulting supernatents were assessed in 384-well format by measuring their absorbance 
values at 540 nm.  
 It is unclear from the literature what levels of hemolysis are acceptable to prevent toxicity to 
eukaryotes.  Therefore, to prevent the premature abandonment of potentially useful therapeutic agents, 
only compounds inducing greater than 20% hemolysis relative to positive controls were discarded.  Of the 
68 hit compounds that retained antibacterial activity in serum, all but 3 fell below this threshold when 
tested at 16 µg/mL (Figure 3.3).  Therefore, 65 compounds of the 936 primary hits remained viable 
candidates for preclinical evaluation.    
 
3.2.1.c. Literature search for known antibacterial scaffolds 
 Using the whole cell screening strategy, we aimed to identify antibacterial compounds with 
chemical scaffolds not represented by the current arsenal of clinically employed antibiotics.  Therefore, 
structure similarity searches for each of the 65 hit compounds were performed using research databases 
SciFinder and PubChem.  Derivatives of known antibiotics and other compounds with extensively 
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characterized antibacterial activity were not further pursued. This analysis identified 34 hit compounds 
that could be divided into 19 novel antibacterial scaffold classes; 29 of these compounds representing 15 
scaffold classes were identified from the Chembridge library, and the remaining 5 compounds 
representing 4 scaffold classes were identified from the HTSF library.  The most potent member of each 
scaffold class was either purchased from Chembridge or obtained from the University of Illinois High-
Throughput Screening Facility (UIUC HTSF).  The structures of these ordered compounds are shown in 
Figure 3.4, and the subsequent evaluation of their antibacterial activities is described in Section 3.3. 
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Figure 3.3.  Evaluation of hit antibacterial compounds for hemolytic activity. Compounds retaining their antibacterial activity in
the presence of 10% human serum were assessed for hemolytic activity using modified assay conditions described by Singh and
coworkers.1  Washed erythrocytes were treated with either 16 µg/mL or 32 µM compound, depending on the source of the
compound.  For negative controls, erythrocytes were treated with DMSO, and erythrocytes were suspended in water for positive
controls.   Treated erythrocytes were incubated at 37°C for 2 hours and subsequently centrifuged.  Levels of hemoglobin in
resulting supernatents were assessed in 384-well format by measuring their absorbance values at 540 nm.  Percent hemolysis
values (black dots) were calculated relative to positive controls for each tested compound, and compounds inducing greater than
20% hemolysis (red dashed line) were not further pursued.  Only three compounds, all from the Chembridge library and shown at
bottom, induced greater than 20% hemolysis.  The remaining 65 compounds were advanced to evaluation in MIC assays. 
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3.2.2.   Screen for inhibitors of A. baumannii growth 
 The Chembridge and HTSF compound libraries were screened at 16 µg/mL and 32 µM, 
respectively, for inhibitors of A. baumannii (ATCC 19606) growth.  This screen was performed exactly as 
described above for S. aureus; however, as A. baumannii is intrinsically more resistant to antibacterial 
treatment than is S. aureus,4,5 the threshold defining hit compounds for this screen was 75% growth 
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Figure 3.4.  Structurally novel hit antibacterial compounds identified in a screen for inhibitors of S.aureus growth.  Structure
similarity searches were performed in Scifinder and PubChem for nonhemolytic hit compounds inhibiting >90% S. aureus
(ATCC 12608) growth in the presence and absence of serum.  Only those compounds structurally distinct from known antibiotics
and other extensively characterized antibacterials were further characterized.  The compounds shown in the purple box were
ordered from Chembridge and those in the green box were obtained from the UIUC HTSF.  From this point on, compounds will
be referred to by the numbers in quotation marks.  
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inhibition.  Of the 154,800 screened compounds, 155 inhibited A. baumannii growth to this extent.  Hit 
compounds were retested for antibacterial activity as described in Section 3.2.1. for S. aureus, with the 
exception that serum was not incorporated into the growth media.  This retest showed that 68 of the 155 
primary hits reproducibly inhibited 75% growth of A. baumannii.  Literature searches for chemical 
scaffolds similar to those of the 68 hits revealed that only 3 compounds belonging to 2 distinct scaffold 
classes were previously unreported antibacterials (Figure 3.5).  Notably, these three compounds were not 
identified in the screen for inhibitors of S. aureus growth.  Therefore, they were also purchased from 
Chembridge to allow further evaluation of their antibacterial activities (described in Section 3.3.). 
 
3.2.3.  Screen for inhibitors of E. coli growth 
 In an effort to identify disruptors of the RelBE and CcdAB TA systems, Elizabeth Moritz and 
Manuel Rodriguez performed cell-based screens in which compounds were tested for RelBE- and 
CcdAB-dependent inhibition of E. coli BL21(DE3) growth.  These efforts, detailed in the dissertation of 
Elizabeth Moritz,6 included separate screens of the Chembridge library at 25 µg/mL for general inhibitors 
of E. coli growth and identified 50 compounds displaying growth inhibition values greater than 90% in 
both screens.  Literature searches for similar scaffolds to these compounds revealed that fourteen were 
structurally unrelated to previously reported antibacterial compounds.  These fourteen compounds, shown 
in Figure 3.6, were purchased from Chembridge to facilitate the further evaluation of their antibacterial 
properties.   
 
CB #5251522
“1522”
CB #6359835
“9835”
CB #5364408
“4408”
 
Figure 3.5.  Structurally novel hit antibacterial compounds identified in a screen for inhibitors of A. baumannii growth.  Structure
similarity searches were performed in Scifinder and PubChem for hit compounds inhibiting >75% A. baumannii (ATCC 19606)
growth.  Only those compounds structurally distinct from known antibiotics and other extensively characterized antibacterials
were further characterized.  The compounds shown were ordered from Chembridge, and from this point on, compounds will be
referred to by the numbers in quotation marks.  
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3.3.  PRECLINICAL EVALUATION OF ANTIBACTERIAL HIT COMPOUNDS 
 As discussed in Chapter 1, there are several assays that can be employed to identify lead 
antibacterial compounds with the highest potential of in vivo efficacy.  To assess their pharmacological 
properties, the lead compounds identified from the above-described whole cell screening efforts were 
tested in a “gauntlet” of in vitro antibacterial assays (see Figure 1.7).  The execution and outcomes of 
these preclinical evaluations will be described in this section.    
 
 
 
CB #5706002
“6002”
CB #5705573
“5573”
CB #6000613
“0613”
CB #5862306
“2306”
NN
N
O
S
H
N
OO
CB #7506272
“6272”
CB #7513584
“3584”
CB #6827938
“7938”
CB #6829315
“9315”
N
N
NH
O
Cl
Cl
CB #6846615
“6615”
CB #6694921
“4921”
S
N
N
HO
CB #5311551
“1551”
CB #5356009
“6009”
CB #6093678
“3678”
CB #5352480
“2480”
Figure 3.6.  Structurally novel hit antibacterial compounds identified in a screen for inhibitors of E. coli growth.  Structure
similarity searches were performed in Scifinder and PubChem for hit compounds inhibiting >90% E. coli BL21(DE3) growth.
Only those compounds structurally distinct from known antibiotics and other extensively characterized antibacterials were further
characterized.  Compounds were ordered from Chembridge and from this point on, will be referred to by the numbers in
quotation marks.  
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3.3.1.   MIC determination 
 To confirm the growth inhibition properties of lead compounds obtained from Chembridge and 
the UIUC HTSF, MIC assays were performed using the broth microdilution method.  For each 
compound, an MIC90 value was determined against the bacterial strain for which growth inhibition was 
initially observed through whole cell screening.  To ensure the expenditure of resources on only the most 
potent inhibitors of bacterial growth, the threshold MIC90 value justifying further compound evaluation 
was set at 16 µg/mL.  MIC90 values will be referred to as “MICs” from this point forward. 
 
3.3.1.a. Inhibitors of S. aureus growth 
 As shown in Table 3.1a, 9 of the compounds identified from the screen for inhibitors of S. aureus 
growth displayed MICs less than 16 µg/mL.  MICs for these compounds ranged from 0.5 to 8 µg/mL and 
were, in most cases, reproducible.  Most of the remaining hit compounds were completely inactive, with 
MICs exceeding 128 µg/mL.  However, others such as 2171 and 2106 displayed moderate to low activity 
against S. aureus.  Notably, the observed antibacterial activity for compound 1503 varied significantly 
Hit compound 
from S.aureus
screen
MIC against
S. aureus
(µg/mL)
5884 0.5-1
4687 0.5-2
7489
2121 2
3271
7194
1898
4
6499 8
Hit compound 
from S.aureus
screen
MIC against
S. aureus
(µg/mL)
1503 16-64
2171 32
2106 64-128
1696
1043
7542
2234
1295
6375
7859
3278
>128
Hit compound from 
A. baumannii screen
MIC against
A. baumannii
(µg/mL)
1522
4408 128
9835 >128
a.
b.
Table 3.1.  MICs for hit compounds from S. aurues and A. baumannii growth inhibition screens. a.  Hit compounds from the
screen for S. aureus growth inhibitors were evaluated for their antibacterial activities against S. aureus (ATCC 12608).  MIC
values were determined, and only those compounds with MICs no greater than 16 µg/mL (shown in far left table) were further
pursued.  b.  Similarly, hit compounds from the screen of A. baumannii growth inhibitors were evaluated for activity against A.
baumannii (ATCC 19606) and MIC values were determined.  As none of the three compounds displayed appreciable antibacterial
activity against this strain, efforts to characterize the activity of these compounds were abandoned. 
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between experiments.  The source of this variability is unknown, and the unpredictable nature of this 
compound’s activity diminished its appeal as a candidate antibiotic.  
 
3.3.1.b.  Inhibitors of A. baumannii growth    
 All three hit compounds identified in the screen for inhibitors of A. baumannii growth displayed 
little-to-no antibacterial activity, as measured MIC values for these compounds were each at least 128 
µg/mL (Table 3.1b).  This result was unsurprising, as these compounds inhibited only 75-85% of A. 
baumannii growth under screening conditions.  As these compounds did not display sufficient 
antibacterial activity against A. baumannii and did not inhibit the growth of S. aureus in the primary 
screen, efforts to evaluate their clinical utility as antibacterial agents were abandoned. 
 
3.3.1.c.  Inhibitors of E. coli growth 
 Primary hit compounds identified in the screen for growth inhibitors of E. coli BL21(DE3) were 
surprisingly inactive in MIC assays performed for this same strain (Table 3.2).  Only 4 of the 14 
compounds inhibited the growth of E. coli at the concentrations tested, and MICs for 3 of these active 
compounds exceeded 16 µg/mL.  The discrepancies between the activities of hit compounds in the 
primary assay and those observed in MIC assays are likely due to the employment of different growth 
conditions; the primary screen was performed in Luria broth containing 50 µg/mL kanamycin and 
subsequent growth inhibition assays were performed under standard MIC conditions (MH broth 
containing no antibiotic).   
 Because of the enhanced membrane permeability of Gram-positive bacteria relative to that of 
Gram-negative strains, antibacterial compounds are often more potent inhibitors of S. aureus growth than 
that of E. coli.  Therefore, the 14 primary hit compounds were also assessed for growth inhibition of S. 
aureus (ATCC 12608).  With the exception of 6009, all compounds that displayed some level of 
antibacterial activity against E. coli were more potent inhibitors of S. aureus growth. In addition, while 
4921 failed to inhibit the growth of E. coli, it was found to be a potent inhibitor of S. aureus growth, 
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displaying an MIC value of 8 µg/mL.  Therefore, this compound along with 7938 and 6615, which also 
inhibited the growth of S. aureus with MICs less than 16 µg/mL, was further evaluated in subsequent 
hemolysis assays.  While compound 9315 displayed sufficient antibacterial activity to warrant further 
study, its structural similarity to 6615 made the evaluation of both compounds redundant.  This compound 
and the remaining eight hit compounds found to be inactive against both Gram-positive and Gram-
negative bacterial strains were not further pursued.   
 
3.3.2.  Hemolysis assays to identify nonspecific membrane disruptors 
 To identify nonspecific membrane disruptors, compounds that inhibited the growth of S.aureus at 
concentrations less than 16 µg/mL (summarized in Figure 3.7) were assessed for hemolytic activity.  
However, as thresholds for therapeutically acceptable levels of drug-induced hemolysis are not available 
in the literature, we first performed hemolysis assays on representative members of various clinically 
employed antibiotic classes.  Using standard hemolysis assay conditions,1 washed human erythrocytes 
were incubated at 37°C for 2 hours with 128 µg/mL of each antibiotic listed in Figure 3.8.  Human 
erythrocytes were found to be quite stable under these treatment conditions, as the only drug that induced 
measurable levels of hemolysis was rifampicin; relative to positive controls, this antibiotic induced 
Hit compound 
from E. coli
screen
MIC against
E. coli
(µg/mL)
MIC against
S. aureus
(µg/mL)
7938 16 0.5
9315 32 4
6615 32 8
4921 >128 8
6009 64 >128
1551 >128 >128
3678 >128 >128
Hit compound 
from E. coli
screen
MIC against
E. coli
(µg/mL)
MIC against
E. coli
(µg/mL)
2480 >128 >128
6272 >128 >128
5573 >128 >128
2306 >128 >128
0613 >128 >128
6002 >128 >128
3584 >128 >128
 
Table 3.2.  MIC values for hit compounds from the E. coli BL21(DE3) growth inhibition screen.  Hit compounds from the screen
for E. coli growth inhibitors were evaluated for their antibacterial activities against E. coli BL21(DE3) and S. aureus (ATCC
12608).  MIC values were determined, and only those compounds displaying MICs no greater than 16 µg/mL against at least 1 of
the 2 bacterial strains were further pursued.  4 of the 14 compounds fulfilled this requirement and only one of these 4 showed
appreciable activity against E. coli.  The remaining ten hit compounds were found to be inactive against both strains and were
therefore abandoned.   
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Figure 3.8.  Hemolysis induced by clinically employed antibiotics.  Washed human erythrocytes were incubated with 128 µg/mL
of each antibiotic for 2 hours at 37°C.  Hemolysis was assessed by measuring the absorbance of cell-cleared media at 540 nm.
Percent hemolysis values relative to positive controls in which erythrocytes were suspended in water are shown.  Only one
antibiotic, rifampicin, was found to induce measurable levels of hemolysis.  Based on these results, it was determined that only
hit compounds inducing less than 20% hemolysis relative to positive controls would be evaluated further. 
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Figure 3.7.  Summary of active hit compounds from screens for S. aureus and E. coli growth inhibitors.  8 of the 19 hit
compounds identified from the screen for S. aureus growth inhibitors were sufficiently active in growth inhibition assays to
warrant further evaluation.  These compounds are shown in the top two rows of the figure above.  Only 4 of the 14 hit
compounds identified in the screen for inhibitors of E. coli growth displayed appreciable antibacterial activity.  One of these,
9315, was structurally homologous to 6615 and was therefore not pursued further.  The remaining three compounds are shown in
the bottom row of the figure above. 
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only 13.8% hemolysis.  Based on these results, it was determined that hit compounds displaying less than 
20% hemolytic activity at 128 µg/mL warranted further preclinical evaluation. 
 To identify antibacterial hits fulfilling this requirement, the compounds summarized in Figure 3.7 
were each evaluated at 128 µg/mL for hemolytic activity.  Acceptable levels of hemolysis were observed 
for seven of the twelve tested compounds (Figure 3.9).  Four of these compounds, 5884, 2121, 1898, and 
7938, induced less than 5% hemolysis, while the remaining three, 3271, 6499, and 7194 were slightly 
more hemolytic.  In constrast, erythrocytes were unstable in the presence of compounds 4687, 7489, 
4921, and 6615.  Measured levels of hemolysis in the presence of these four compounds ranged from 70-
100%.  Notably, compounds 4687 and 7489, identified from the screen for S. aureus growth inhibitors, 
were previously shown to be nonhemolytic in the high-throughput hemolysis assay.  However, conditions 
in these two experiments were not identical, as compounds were tested in the high-throughput hemolysis 
assay at 16 µg/mL and were obtained from storage plates.   In contrast, freshly-prepared DMSO stocks of 
4687 and 7489 were tested at a higher concentration in these experiments.  Concerned with the potential 
toxicity of 4687, 7489, 4921, and 6615, we abandoned further efforts to evaluate the antibacterial 
activities of these four hemolytic compounds.   
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Figure 3.9.  Hemolysis induced by hit antibacterial compounds. Washed human erythrocytes were incubated with 128 µg/mL of
each hit compound for 2 hours at 37°C.  Hemolysis was assessed by measuring the absorbance of cell-cleared media at 540 nm.
Percent hemolysis values relative to positive controls in which erythrocytes were suspended in water are shown.  Four of the
eleven hit compounds were found to induce greater than 20% hemolysis, and efforts to characterize the antibacterial activity of
these compounds were therefore abandoned.  While three of the remaining seven were induced mild hemolysis, compounds 5884,
2121, 1898, and 7938 were found to be nonhemolytic.  These antibacterial activities of these seven compounds were further
evaluated. 
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3.3.3.   The effect of serum on antibacterial activity       
 The influence of human serum on the growth inhibition properties of the remaining seven 
nonhemolytic compounds was determined such that human serum albumin (HSA) binders could be 
identified.  MIC assays for growth inhibition of S. aureus (ATCC 12608) were performed on all seven 
compounds using MH broth supplemented with 10% human serum.  Determined MIC values were 
compared to those observed in assays performed in parallel using non-supplemented media.  As shown in 
Figure 3.10, significantly diminished antibacterial activity was observed for three compounds in the 
presence of serum.  Compounds 7938 and 6499 displayed little to no activity in the presence of serum, 
and the MIC observed for 5884 in MH broth (0.5-1 µg/mL) was increased to 16 µg/mL in serum-
supplemented media.  In addition, while the antibacterial activities of compounds 3271 and 2121 were 
unaffected by 10% serum, 2-fold increases were observed in the MICs for 7194 and 1898.  Therefore, to 
ensure that compounds displaying more moderate increases in 10% serum would not be inactivated at 
higher serum concentrations, we assessed the effect of 50% serum on the antibacterial activities of 
compounds other than 7938 and 6499.  Control antibiotics, vancomycin and clindamycin, 
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Figure 3.10.  MIC values for hit antibacterial compounds in the presence of 10% and 50% serum.  MIC assays to assess the
influence of serum on the ability of hit compounds to inhibit the growth of S. aureus (ATCC 12608) were performed.  For each
hit compound, MIC values were determined using MH broth supplemented with 10% human serum.  Two compounds, 6499 and
7938 were found to be completely inactivated by serum at this concentration.  The remaining hit compounds were further
evaluated by determining their MIC values in the presence of 50% serum.  While 5884 was found to be completely inactivated by
the presence of 50% serum, the activity of five hit compounds was retained.  In addition, the evaluation of control compounds
vancomycin and clindamycin in MIC assays performed in the presence of 50% serum yielded the expected results.  Known to be
unaffected by the presence of serum, vancomycin displayed the same antibacterial activity in the presence and absence of serum.
Consistent with previous reports, clindamycin was 2-fold less active in the presence of 50% serum than in MH broth alone. 
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were also included in this evaluation, as the antibacterial activity of vancomycin has been shown to be 
unaffected by serum concentrations up to 90% and clindamycin displays 2-fold less activity in the 
presence of 50% serum.7,8   As shown in Figure 3.10, the expected relationships between antibacterial 
activity of clindamycin and vancomycin in the presence and absence of 50% serum were observed.  Also, 
the evaluation of hit compounds in MIC assays using MH broth supplemented with 50% serum revealed 
that while the antibacterial activities of compounds 3271, 2121, 7194, and 1898 were only slightly 
affected by the presence of 50% serum, 5884 was further inactivated by this higher serum concentration.  
Therefore, it was concluded that, without structural modification to optimize their serum binding 
properties, the clinical utility of compounds 7938, 6499, and 5884 was minimal. 
 
3.3.3.a.  Optimization of 7938 activity observed in the presence of serum 
 As discussed in Chapter 1, the optimization of serum-binding properties for antibacterial 
compounds is well-precedented.  Therefore, as the reported syntheses of compounds similar to 7938 were 
amenable to the facile derivatization of this compound,9-11 efforts were made to optimize its antibacterial 
activity in the presence of serum.  Dr. Seok-Ho Kim, a postdoctoral research fellow in the Hergenrother 
lab, kindly facilitated this effort by synthesizing 21 derivatives of 7938; in addition, 4 derivatives were 
purchased from Chembridge.  The first generation of these derivatives was designed to systematically 
probe the structural features required for 7938 activity.  As shown in Figure 3.11, this was primarily 
accomplished by introducing modifications to the phenyl ring (R2), replacing the propyl chain with 
different alkyl substituents (R4), and introducing substitution at the R5 position of the molecule.  
However, the effect of substitution at other positions of the molecule (R1 and R3) was also investigated. 
 
a. b.
 
Figure 3.11.  Derivatization of 7938 to improve its activity in the presence of serum.  In an effort to improve the activity of 7938
(a) in the presence of serum, 25 derivatives of 7938 were purchased and synthesized.  b. These derivatives included modifications
to five positions of compound 7938.   
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 Each derivative was evaluated for growth inhibition of S. aureus (ATCC 12608) in the presence 
and absence of 10% serum.  As shown in Figure 3.12, highly active derivatives were limited to those 
with halogen-substitution at the para- and meta-positions of the phenyl ring at R2.  Bromo-substitution at 
the ortho-position or the incorporation of a methoxy-group at the meta-position resulted in a loss of 
antibacterial activity.  Also, while unsubstituted phenyl derivatives retained some activity in the absence 
of serum, replacement of the phenyl group with unsubstituted pyridine diminished the compound’s 
growth inhibition properties.  Importantly, no derivatives modified at the R2 position displayed greater 
antibacterial activity than 7938 in the presence or absence of serum.  
 
 Next, derivatives with modification to the R4 position were investigated.  Replacement of the 
propyl group at this position with methyl, trifluoromethyl, or alkyl ether substituents was not well-
tolerated (Figure 3.13), as derivatives for which these modifications were made displayed MICs ranging 
from 64-128 µg/mL.  In addition, while installment of 2-ethyl benzene at the R2 position did not result in 
a complete loss of activity, this derivative was still much less active than 7938, as it inhibited the growth 
of S. aureus with an MIC of 16 µg/mL.  The diminished antibacterial activity observed for this series of 
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Figure 3.12.  Derivatization of 7938 at the R2 position.  7938 derivatives were assessed for inhibition of S. aureus (ATCC 12608)
growth in the presence and absence of 10% serum.  Listed are the determined MIC values for each compound in µg/mL.
Evaluation of derivatives modified at the R2 position revealed that highly active 7938 derivatives were limited to those
halogenated at the meta- and para-positions of the phenyl ring.  Modification of the R2 position did not improve the antibacterial
activity of 7938 in the presence of serum. 
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derivatives suggested that 7938 optimization would not include modification at the R4 position.  
 As shown in Figure 3.14., two derivatives were synthesized to probe the effect of methyl 
substitution at the R1 and R3 positions.  Alkylation of the amine at R3 resulted in a complete loss of 
antibacterial activity.  In contrast, the R1-methylated derivative, ksh-I-199, was almost as active as 7938 
in the absence of serum; however, like 7938, this derivative was also inactivated in the presence of serum.  
The activity of these derivatives suggested that neither R1 nor R3 modification was a viable strategy for 
the optimization of 7938 activity.   
 Finally, several derivatives harboring modifications to the R5 position of 7938 were evaluated 
(Figure 3.15).  While the incorporation of a 2-hydroxyethyl substituent at R5 abolished the antibacterial 
activity of the compound, derivatives for which benzyl substituents were installed at this position were 4-
fold more active in the absence of serum than 7938.  In addition, a slight (2-fold) improvement in serum-
influenced antibacterial activity was observed for derivative ksh-I-73.  Therefore, in an effort to 
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Figure 3.14.  Derivatization of 7938 at the R1 and R3 positions.  7938 derivatives were assessed for inhibition of S. aureus
(ATCC 12608) growth in the presence and absence of 10% serum.  Listed are the determined MIC values for each compound in
µg/mL.  It was found that methylation of the R1 position of 7938 (left) had little effect on the antibacterial activities of 7938 in the
presence or absence of 10% serum.  The derivative for which the R4 position of 7938 was methylated (right), however, was
completely inactive in both the presence and absence of serum.   
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Figure 3.13.  Derivatization of 7938 at the R4 position.  7938 derivatives were assessed for inhibition of S. aureus (ATCC 12608)
growth in the presence and absence of 10% serum.  Listed are the determined MIC values for each compound in µg/mL.  Upon
analysis, it was found that modification of the R4 position of 7938 was not well tolerated, as the most active derivative tested
displayed an MIC of 16 µg/mL.  In addition, all 4 compounds of this series were inactive in the presence of 10% serum. 
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further improve the antibacterial activity of 7938 in the presence of serum, several additional R5-
substituted 7938 derivatives were designed. 
 As described in Chapter 1, unsubstituted six-membered rings can contribute to HSA binding.  The 
replacement of these groups with five-membered heterocycles has been shown to be a viable strategy to 
reduce the affinity of HSA for compounds containing six-membered rings.12,13  Therefore, 7938 
derivatives substituted at the R5 position with 5-membered heteroaromatic groups were synthesized and 
evaluated for antibacterial activity.  As shown in Figure 3.16, all of these derivatives displayed potent 
antibacterial activity in the absence of serum; however, only ksh-I-173 inhibited the growth of S. aureus 
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Figure 3.16.  Derivatization of 7938 at the R5 position with 5-membered heteroaromatic groups.  7938 derivatives were assessed
for inhibition of S. aureus (ATCC 12608) growth in the presence and absence of 10% serum.  Listed are the determined MIC90
values for each compound in µg/mL.  While 7938 derivatives containing 5-membered heteroaromatic groups at the R5 position
were active in the absence of serum, these derivatives were not significantly more active than 7938 in the presence of serum.   
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Figure 3.15.  Derivatization of 7938 at the R5 position.  7938 derivatives were assessed for inhibition of S. aureus (ATCC 12608)
growth in the presence and absence of 10% serum.  Listed are the determined MIC values for each compound in µg/mL.  Most
notable compounds of this series are those including benzyl substitution at the R5 position.  These compounds were significantly
more active than 7938 in the absence of serum.  In addition, the activity of compound ksh-I-73 in the presence of 10% serum was
slightly higher than that of 7938. 
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as potently as the benzyl-substituted 7938 derivatives.  In addition, the substitution of benzyl groups with 
five-membered heterocycles had no effect on the activity of compounds in 10% serum.  As very little 
improvement in serum-influenced activity was observed for only two of the 7938 derivatives, efforts to 
optimize the serum binding properties of 7938 were abandoned.   
 
3.3.3.b. 7938 aggregation 
 Serum albumin has also been shown to alleviate the promiscuous activity of small molecule 
aggregators (discussed in Chapter 1).  These compounds, often identified by their ability to inhibit 
chymotrypsin, are believed exert their activity through the sequestration of enzymes rather than through 
the binding of enzyme active sites.  To determine if the serum-induced inactivation of 7938 was related to 
its ability to aggregate rather than its affinity for HSA, chymotrypsin assays were performed for 7938.   
 These assays employed a p-nitroanalide-labeled substrate to report chymotrypsin activity; the 
cleavage of this substrate by chymotrypsin results in the release of p-nitroaniline, the absorbance of which 
can be monitored at 405 nm.  To assess the effect of 7938 on the cleavage of this substrate, 50 ng/mL 
chymotrypsin solution was incubated in a 384-well plate for 30 minutes in the presence and absence of 
various concentrations of 7938.  In addition, these same concentrations of 7938 were incubated with 
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Figure 3.17.  Inhibition of chymotrypsin by 7938.  The effect of 7938 on the cleavage of a p-nitioanilide-labeled substrate by
chymotrypsin was assessed.  Various concentrations of 7938 were incubated in a 384-well plate with 50 ng/mL chymotrypsin or
buffer alone for 30 min.  Chymotrypsin substrate was subsequently added to a final concentration of 200 µM and reaction
progress was monitored by measuring the absorbance of the plate at 405 nm every 30 seconds for 30 minutes.  Background
absorbance of 7938 in chymotrypsin-free wells was subtracted from those containing chymotrypsin.  Inhibition of chymotrypsin
by 7938 was indicated by a dose dependent decrease in the absorbance of cleaved chymotrypsin substrate. 
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buffer alone such that compound absorbance could be assessed.  Chymotrypsin substrate was 
subsequently delivered to both sets of samples to a final concentration of 200 µM, and the cleavage of this 
substrate was assessed by measuring the absorbance of the plate every 30 seconds for 30 minutes at 405 
nm.  For each 7938 concentration, the background compound absorbance was subtracted from data 
collected for chymotrypsin-containing wells.  As shown in Figure 3.17, 7938 inhibited the activity of 
chymotrypsin in a dose-dependent manner, suggesting that 7938 promiscuously inhibits the activity of 
enzyme in vitro.   
 To determine if this effect extended to the observed activity of 7938 in bacterial cell culture, the 
relationship between the antibacterial activities of 7938 derivatives and their abilities to inhibit 
chymotrypsin was investigated.  Derivatives of 7938 were evaluated in the assay described above, and for 
each compound, an IC50 for chymotrypsin inhibition was determined.  The association between these IC50 
values and previously determined MIC values was analyzed for each compound, and, as shown in Figure 
3.18, the extent of chymotrypsin inhibition observed correlated well with antibacterial potency.  This 
correlation suggested a connection between promiscuous enzyme inhibition by 7938 and its 
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Figure 3.18.  Comparison of 7938 chymotrypsin inhibition to antibacterial potency.  The effect of 7938 derivatives on the
cleavage of a p-nitioanilide-labeled substrate by chymotrypsin was assessed.  For each derivative, various concentrations of
compound were incubated in a 384-well plate with 50 ng/mL chymotrypsin or buffer alone for 30 min.  Chymotrypsin substrate
was subsequently added to a final concentration of 200 µM and reaction progress was monitored by measuring the absorbance of
the plate at 405 nm every 30 seconds for 30 minutes.  Background absorbance of compound in chymotrypsin-free wells was
subtracted from those containing chymotrypsin.  IC50 values were calculated from dose-response curves fit to initial reaction
velocities (first 10 min) observed for each compound concentration, and these values were compared to each previously
determined MICs for inhibition of S. aureus (ATCC 12608) growth (expressed in µM).   
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antibacterial activity.  Therefore, 7938 appears to possess promiscuous inhibition activity more 
characteristic of aggregating compounds often identified using in vitro screening methods.  As 
antibacterial compounds exerting their activities through nonspecific mechanisms of action are potentially 
toxic, and the activity of 7938 was abolished by the presence of serum, the therapeutic utility of this 
compound was determined minimal and was not investigated further.   
 
3.3.4.   Spontaneous resistance frequency determination for hit compounds 
 As discussed in Chapter 1, the therapeutic utility of antibacterial compounds can be predicted, in 
part, by their in vitro resistance frequencies.  Empirical evidence for clinically employed antibiotics 
suggests that a resistance frequency lower than 10-6 is required for an antibacterial to be therapeutically 
useful.  In addition, antibiotics for which resistance is generated at frequencies between 10-6 and 10-8 are 
typically only effective in combination with other antibiotics.  Therefore, the spontaneous resistance 
frequencies for compounds 3271, 2121, 7194, and 1898 were determined to assess their clinical utilities 
as monotherapeutic agents for the treatment of bacterial infection.  
 To determine these frequencies, MH/agar plates were prepared containing antibacterial 
compound at four times its MIC against S. aureus (ATCC 12608).  An overnight culture of S. aureus 
(ATCC 12608) was spread in 100 µL volumes onto the agar plates.  In addition, to allow the 
determination of the number of viable cells plated, dilutions of this same culture prepared in sterile saline 
were spread in 100 µL volumes onto compound-free MH/agar plates.  Plates were incubated for 96 hours 
at 37°C to allow the growth of even slow-growing resistant colonies.  While no colonies grew on plates 
containing 3271 and 7194, this incubation was sufficient to allow the growth of colonies on plates 
containing 2121 and 1898.  The resistance of these colonies to the antibacterial conditions under which 
they were generated was confirmed by their growth in liquid MH broth receiving the same antibacterial 
treatment.  In addition, as shown in Table 3.3, MIC assays performed for 1898 against three 1898-
resistant strains revealed that resistant strains were 8- to 16-fold less susceptible to 1898-treatment than 
their parent strains; similar analysis of 2121-resistant strains showed 16- to 32-fold susceptibility 
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increases to 2121.  Confident in the resistance of colonies present on compound-containing plates, we 
then calculated resistance frequencies for each antibacterial compound.  As shown in Table 3.3, 
frequencies calculated for 1898 and 2121 were 1.1×10-8 and 2.7×10-9, respectively.  In addition, as no 
colonies were observed for 3271 and 7194, the resistance frequencies for these compounds were 
estimated to be less than 3.6×10-9, the frequency equivalent to the growth of 1 colony per plate. All of 
these resistance frequencies were below the threshold required for monotherapeutic utility; therefore, all 
four antibacterial compounds were further evaluated.  
 
3.3.5.   Cytotoxicity of hit compounds 
 In an effort to prioritize the most promising lead antibacterial compounds, cytotoxicity assays 
were performed for 3271, 7194, 2121, and 1898.  To assess their toxicity, compounds were incubated at 
various concentrations (0-100 µM) with mouse embryonic fibroblasts (MEFs).  After 24 hours, cellular 
density was determined by a sulforhodamine B assay, and logistical dose-response curves were used to 
calculate IC50 values (shown in Table 3.4).  To facilitate the comparison of these values to antibacterial 
potency, logistical dose response curves were also fit to S. aureus (ATCC 12608) growth inhibition data 
Compound MIC againstS. aureus (µg/mL)
MIC against generated resistant 
S. aureus strain (µg/mL) Resistance
frequency
Strain 1 Strain 2 Strain 3
1898 4 32 64 64 1.1×10-8
2121 2 32 16-32 32 2.7×10-9
7194 4 -- -- -- < 3.6×10-9
3271 4 -- -- -- < 3.6×10-9
 
Table 3.3.  Resistance frequencies for antibacterial hit compounds.  Efforts to generate S. aureus strains resistant to each
antibacterial compound allowed the calculation of resistance frequencies for 1898 and 2121.  Overnight culture of S. aureus
(ATCC 12608) was spread in 100 µL volumes onto MH/agar plates containing compound at 4 times its MIC.  The number of
viable colonies spread onto each plate was determined by plating 100 µL diluted culture onto compound-free MH/agar.
Compound-containing plates were incubated for 96 hours at 37°C, and resistance of colonies on 1898- and 2121-containing
plates was confirmed by their subculture in MH broth containing 16 µg/mL 1898 or 8 µg/mL 2121, respectively.  MICs for
growth inhibition of three resistant strains to each 1898 and 2121 were determined for 1898 and 2121 and each compound was
found to be less potent against its corresponding resistant strains.  As no colonies resistant to 7194 and 3271 grew in 96 hours,
these values could not be determined for these compounds.  For 1898 and 2121, resistance frequencies were calculated by
dividing the number of resistant colonies grown by the number of viable cells plated.  Maximum resistant frequencies reported
for 7194 and 3271 correspond to the frequency calculated for the growth of 1 resistant colony.  
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collected for each compound in MIC assays.  This allowed the calculation of GI50 values for the inhibition 
of S. aureus growth by hit antibacterial compounds.  Comparative analysis of these IC50 and GI50 values 
revealed selective toxicity of each compound to bacterial cells over mammalian cells.  This effect was 
mild for 3271, 7194, and 1898, as these compounds respectively displayed 1.8-, 2.2-, and 2.6-fold 
selectivity for bacterial cells; however, the effect was more pronounced for 2121, as concentrations of this 
compound required for 50% inhibition of bacterial growth were 5-fold lower than that required to inhibit 
the same levels of mammalian cell proliferation.  The selective toxicity of 2121 to bacterial cells 
enhanced the appeal of this compound as potential therapeutic; therefore, further preclinical evaluation 
efforts were focused on the characterization of 2121 antibacterial activity. 
 
3.3.6.  Optimization of 2121 antibacterial activity 
 To identify 2121 derivatives displaying more potent antibacterial activity, efforts were made to 
define structure-activity relationships for this compound.  Dr. Isak Im, a postdoctoral research fellow in 
the Hergenrother lab, greatly facilitated these efforts by synthesizing 2121 and 27 of its derivatives.  The 
synthesis of 2121 was performed not only to provide greater quantities of compound for testing, but also 
to verify the structure and purity of compound stocks purchased from Chembridge.  As shown in Figure 
3.19a, freshly synthesized 2121 displayed similar antibacterial potency against S. aureus (ATCC 12608) 
Compound IC50 for MEF proliferation (µM)
GI50  for S. aureus
growth inhibition (µM)
Fold-selectivity for 
bacterial cells
1898 13.6 5.1 2.6
2121 13.3 2.6 5.1
7194 15.9 7.2 2.2
3271 6.9 3.8 1.8
 
Table 3.4.  Cytotoxicity of antibacaterial hit compounds.  The effect of hit antibacterial compounds on the proliferation of MEFs
was assessed by the 24 hour incubation of a range of compound concentrations (0-100 µM) with MEFs in 96-well plates.
Negative cell death controls involved the treatment of MEFs with DMSO alone, and positive cell death controls involved the
treatment of MEFs with 100 µM of compound 4150, a cytotoxic compound developed by Rahul Palchaudhuri in the
Hergenrother lab.  Cell toxicity was assessed using a sulforhodamine B assay, and logistical dose-response curves were used to
calculate IC50 values.  To allow the comparison of these values to antibacterial potency, logistical dose-response curves were fit
to previously collected MIC data for growth inhibition of S. aureus (ATCC 12608).  The compound concentration inhibiting 50%
growth (GI50) is listed for each compound in µM units.  Listed fold-selectivity values were calculated by dividing the IC50 by the
GI50 for each compound. 
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to that of purchased compound.  At this time, we discovered that S. aureus (ATCC 12608) was no longer 
commercially available; to allow the confirmation of our results by other researchers, we chose to 
evaluate the antibacterial activity of 2121 and its derivatives against S. aureus (ATCC 25923).  MIC 
assays revealed that 2121 was also an effective growth inhibitor of this strain of S. aureus, although a 
slight (2-fold) decrease in potency relative to that observed for S. aureus (ATCC 12608) was observed.  
 To define the structure-activity relationships for 2121, derivatives were synthesized that included 
altered methyl substitution patterns (R1, Figure 3.19b) on the benzothiazole core, replacement of 
tetrahydroquinoline substitution at the 2-position (R2), N-alkylation with a variety of saturated and 
unsaturated hydrocarbons (R3), and the replacement of sulfur in the benzothiazole core with selenium (X).  
The first series of derivatives evaluated were those probing the effect of methyl substitution on the 
antibacterial activity of 2121 (Figure 3.20).  MIC assays against S. aureus (ATCC 25923) were 
performed for monomethylated and normethyl derivatives of 2121.  Antibacterial potency 
IMI-I-022
MIC = 16 µg/mL
IMI-I-018
MIC = 32 µg/mL  
Figure 3.20.  Derivatization of 2121 at the R1 position.  MIC assays were performed for inhibition of S. aureus (ATCC 25923)
growth by 2121 derivatives.  Listed are the determined MIC values for each compound.  Antibacterial potency was dependent on
the extent to which derivatives were methylated, as the monomethylated 2121 derivative (IMI-I-022) was 4-fold less potent than
2121 and the normethyl derivative (IMI-I-018) was 8-fold less potent than 2121.   
2121
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Figure 3.19.  Activity of synthesized 2121 and sites of derivatization.  a. MIC assays were performed to evaluate the antibacterial
potency of freshly synthesized 2121 against S. aureus (ATCC 12608) and S. aureus (ATCC 25923).  Synthesized 2121 displayed
similar activity to that of purchased 2121.  b. In an effort to optimize the antibacterial potency of 2121, 27 derivatives of this
compound were synthesized.  These derivatives included modifications to four positions of 2121.   
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was surprisingly dependent on the extent of methyl substitution on the benzothiazole core, as respective 
MICs observed for monomethylated and normethyl derivatives were 4- and 8-fold lower than that 
observed for 2121.  
 Next, derivatives modified at the 2-position of benzothiazole were investigated.  As shown in 
Figure 3.21, highly active 2121 derivatives were limited to those substituted with aromatic groups at this 
position, as MICs for derivatives substituted with non-aromatic groups were 32-64 µg/mL.  In addition, 
the antibacterial activities of derivatives substituted with 4-aminostyryl groups were shown to be 4-fold 
greater than that of 2121; however, as these compounds were also partially insoluble in MH broth at 
concentrations exceeding 16 µg/mL, they were not further investigated.  Notably, a benzophenone-
conjugated derivative (IMI-I-226) inhibited the growth of S. aureus with an MIC of 8 µg/mL.  
Derivatives of 2121 containing such photoreactive functionality could greatly facilitate target 
identification efforts, as these groups can be employed to photocrosslink active compounds to their 
target.14   
 As shown in Figure 3.22, several derivatives modified at the R3 position were evaluated.  These 
derivatives, N-alkylated with mostly alkenyl and alkynyl functionality, were found to be active inhibitors 
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Figure 3.21.  Derivatization of 2121 at the R2 position.  MIC assays were performed for inhibition of S. aureus (ATCC 25923)
growth by 2121 derivatives.  Listed are the determined MIC values for each compound.  Active derivatives were limited to those
containing aromatic groups at the R2 position.  In particular, compounds substituted at this position with 4-aminostyryl groups
were 4-fold more active than 2121, but were also partially insoluble in MH broth at concentrations exceeding 16 µg/mL.   
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of S. aureus (ATCC 25923) growth.  The most potent derivatives of this series were IMI-I-144 and IMI-I-
124, as the MIC values determined for these propargyl-substituted compounds ranged from 0.5 to 1 
µg/mL.  However, similar to that observed for the R2-substituted series, these most active derivatives also 
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Figure 3.22.  Derivatization of 2121 at the R3 position.  MIC assays were performed for inhibition of S. aureus (ATCC 25923)
growth by 2121 derivatives.  Listed are the determined MIC values for each compound.  While all derivatives displayed potent
antibacterial activity, IMI-I-124 and IMI-I-144, were particularly active.  These compounds, however, were partially insoluble at
concentrations exceeding 8 µg/mL in MH broth.  The activity of a biotin-conjugated derivative (IMI-I-132) is encouraging, as
2121 derivatives conjugated to both biotin and benzophenone would greatly facilitate target identification efforts. 
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possessed undesirable solubility properties, as these compounds precipitated from MH broth at 
concentrations exceeding 8 µg/mL.  One notable derivative was biotin-conjugated IMI-I-132, for which 
an MIC value of 16 µg/mL was determined.  This result, taken together with the previously described 
activity of derivatives conjugated to benzophenone, is encouraging, as the dual incorporation of these two 
functionalities into a single 2121 derivative would allow classic photoaffinity target pulldown 
experiments to be performed for 2121.  Indeed, efforts are currently underway to install biotin 
functionality onto derivative IMI-I-240. 
 The final series of evaluated 2121 derivatives, comprised of benzoselenazoles, is shown in 
Figure 3.23.  The replacement of sulfur with selenium neither decreased nor increased the antibacterial 
activity of 2121, as these compounds displayed very similar activity to their corresponding 
benzothiazoles.  One derivative of this series, IMI-I-134, proved useful for later target identification 
studies as this compound displayed different absorbance properties than 2121.  These experiments are 
described in detail in Section 3.3.9. of this chapter.   
 
3.3.7.  Spectrum of 2121 activity 
 To evaluate the spectrum of its antibacterial activity, 2121 was assessed for growth inhibition 
properties against a collection of Gram-positive and Gram-negative bacterial strains.  This collection was 
composed primarily of clinical isolates obtained by former Hergenrother group members Elizabeth Moritz 
and Dinty Musk, Jr. from local area hospitals and national strain repositories.  The antibacterial potency 
of 2121 was evaluated in MIC assays for each of these strains and the results of this analysis are 
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Figure 3.23.  Derivatization of 2121 at the X position.  MIC assays were performed for inhibition of S. aureus (ATCC 25923)
growth by 2121 derivatives.  Listed are the determined MIC values for each compound.  The antibacterial activities of
benzoselenazoles were similar to those observed for their corresponding benzothiazoles.     
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summarized in Figure 3.24.    As expected based on the enhanced permeability of their cell membranes, 
Gram-positive pathogens were most susceptible to 2121.  This compound was particularly potent against 
S. aureus, as 2121 inhibited the growth of most tested strains with MICs between 2 and 8 µg/mL.  
Moreover, the growth of multidrug-resistant E. faecium and S. aureus, including the hypervirulent 
USA300 strain of CA-MRSA described in Chapter 1, was inhibited by 2121 at concentrations of 16 
µg/mL or less.   
 The growth of Gram-negative bacterial strains was less affected by 2121.  This compound was 
completely inactive against A. baumanni, Salmonella cholerasius, and Pseudomonas aeruginosa, and the 
growth of E. coli DH5α was only completely inhibited by 2121 at 32 µg/mL or greater.  However, 2121 
displayed potent activity against E. coli MC1061, a hyperpermeable rough lipopolysaccharide mutant that 
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Figure 3.24.  Spectrum of 2121 antibacterial activity.  The growth inhibition properties of 2121 against a variety of Gram-
positive (green) and Gram-negative (orange) strains were assessed in MIC assays according to CLSI-published guidelines.  Many
of these strains were clinical isolates were obtained from local area hospitals and national strain repositories.  Compound 2121
was found to display the most potent activity against Gram-positive bacteria and was especially active against S. aureus.  In
addition, 2121 effectively inhibited the growth of multidrug-resistant E. faecium  and S. aureus.   
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is especially sensitive to antibacterial treatment.15  This confirms that the enhanced susceptibility of 
Gram-positive strains to 2121 relative to that of Gram-negative strains is a consequence of disparities in 
membrane permeability rather than differential expression of this compound’s antibacterial target.   
 
3.3.8.   Killing kinetics for 2121 
 To determine if 2121 exerted its antibacterial activity in a bacteriostatic or bactericidal manner, 
experiments to assess the killing kinetics of this compound were performed.  A liquid culture of S. aureus 
(ATCC 12608) containing 1×107 cfu/mL was treated with DMSO or various concentrations of 2121.  
Cultures were incubated at 37°C for 24 hours, and at defined time points, 100 µL aliquots were removed 
from each treated culture, diluted in sterile saline, and plated on nonselective media to determine the 
number of viable bacterial cells in the culture.  As shown in Figure 3.25, after 24 hours incubation with S. 
aureus culture at 4 times its MIC, 2121 induced a 1.2log10 decrease in number of viable cells in the 
culture.  Therefore, as bactericidal activity is indicated by a greater than 3log10 decrease in the number of 
viable bacterial cells in the presence of compound, 2121 was determined to exert a bacteriostatic effect on 
S. aureus (ATCC 12608) culture.   
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Figure 3.25.  Killing kinetics for 2121.  The killing kinetics of 2121 against S. aureus (ATCC 12608) were evaluated to
determine if 2121 exerts its antibacterial activity in a bacteriostatic or bactericidal manner.  A liquid culture of S. aureus (ATCC
12608) containing 1×107 cfu/mL was treated with DMSO or 2121 at concentrations equal to 1, 2, or 4 times its MIC (2, 4, and 8
µg/mL, respectively).  Cultures were incubated at 37°C for 24 hours, and at defined time-points, 100 µL aliquots were removed
from each treated culture, diluted in sterile saline, and plated on nonselective media to determine the number of viable bacterial
cells in the culture.  Indicated are the number of viable cells observed for each culture treatment at each timepoint.  After 24
hours incubation with S. aureus at 4 times its MIC, 2121 induced a 1.2log10 decrease in the number of viable cells in treated
culture.  As bactericidal compounds are indicated for cfu/mL decreases greater than 3log10, 2121 was determined to be
bacteriostatic against this particular S. aureus strain.   
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3.3.9. Mechanism of action studies for 2121 
 As described in Chapter 1, knowledge of an antibacterial compound’s target can greatly facilitate 
the rational design of potent antibacterial derivatives and the prediction of target-associated eukaryotic 
toxicity.  In addition, an antibacterial inhibiting the growth of bacteria through a novel mode of action 
would be therapeutically desirable, as target-based resistance to the compound may not exist in the clinic.  
Therefore, to facilitate further development efforts and to evaluate the therapeutic novelty of 2121, a 
battery of assays was performed to elucidate this compound mechanism of action.   
 
3.3.9.a.  Potassium leakage assays 
 To evaluate the effect of 2121 on the integrity of bacterial membranes, potassium leakage assays 
were performed.  Leakage of potassium by two bacterial strains, S. aureus (ATCC 12608) and S. aureus 
(ATCC 25923), in the presence of 2121 was assessed and compared to that observed in the presence of 
gramicidin, a known disruptor of bacterial cell membranes.  Liquid cultures of these strains in potassium-
free media were incubated for 1 hour at 37°C with either DMSO, 2121 at 4 times its MIC, or 4 µg/mL 
gramicidin.  The media of each culture was then cleared by centrifugation and subsequently analyzed for 
potassium by ICP mass spectrometry.  As shown in Figure 3.26, gramicidin-induced potassium leakage 
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Figure 3.26.  Evaluation of 2121 in potassium leakage assays.  The effect of 2121 on the integrity of S. aureus cell membranes
was assessed by measuring the release of potassium in the presence of this compound.  Liquid cultures of S. aureus (ATCC
12608) and S. aureus (ATCC 25923) in potassium-free media were each incubated for 1 hour at 37°C with either DMSO, 2121 at
4 times its MIC, or 4 µg/mL gramicidin.  Media was cleared by centrifugation and analyzed for potassium by ICP mass
spectrometry.  The concentrations of potassium in the media of each treated culture are indicated.  Relative to gramicidin, a
compound known to disrupt bacterial cell membranes, 2121 induced only small amounts of potassium leakage. 
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was indicated for both S. aureus strains by three- to five-fold increases in media potassium concentrations 
relative to that observed for DMSO-treated cultures.  In contrast, similar levels of potassium were 
observed in the media of DMSO- and 2121-treated S. aureus (ATCC 12608) cultures.  Slightly higher 
levels of 2121-induced potassium leakage were observed for S. aureus (ATCC 25923); however, as this 
effect was small in comparison to that observed upon treatment with gramicidin, it was determined that 
2121 does not significantly compromise the integrity of S. aureus cell membranes.   
 
3.3.9.b. Resistant mutant analysis 
 As described in Chapter 1, the evaluation of antibacterial-resistant strains for cross-resistance to 
antibiotics with known targets can provide clues regarding antibacterial mechanism of action.  To use this 
strategy to elucidate the target of 2121, representative members of each antibiotic class were tested in 
MIC assays for growth inhibition of 2121-susceptible and 2121-resistant S. aureus (ATCC 12608).  The 
determined MIC values for antibiotics against these strains are shown in Table 3.5.  While for most 
antibiotics tested, similar MICs were observed for both 2121-susceptible and -resistant S. aureus (ATCC 
12608), the MICs for fusidic acid and quinupristin-dalfopristin were 8-fold higher for the 2121-resistant 
strain than for the 2121-susceptible strain.  To our knowledge, this cross-resistance profile is 
unprecedented for spontaneously generated resistant strains of S. aureus.  
 
Bacterial strain
2121
K
anam
ycin
Spectinom
ycin
Tetracycline
C
hloram
penicol
Erythrom
ycin
Fusidic
Acid
Q
uinopristin-
D
alfopristin
Linezolid
C
iprofloxacin
R
ifam
picin
Am
picillin
Vancom
ycin
D
aptom
ycin
S. aureus
(ATCC 12608)
2 4 64 0.5 16 2 0.125 0.5 2 0.25 0.008 0.125 2 2
2121-resistant 
S. aureus
(ATCC 12608)
32 4 64 1 16 1-2 1-2 8 2-4 0.25 0.016 0.125 1-2 1
Table 3.5.  Cross-resistance profile of 2121-resistant S. aureus (ATCC 12608).  MIC assays were performed for inhibitors of
proteins synthesis (red), DNA replication (green), transcription (gold), and cell wall biosynthesis (purple) against 2121-
susceptible and –resistant strains of S. aureus (ATCC 12608).  Listed are the MIC values in µg/mL determined for 2121 and each
antibiotic against both S. aureus strains.  Cross-resistance of 2121-resistant strains to fusidic acid and quinupristin-dalfopristin is
indicated by MIC values determined against the 2121-resistant strain that are 8- to 16-fold higher than those determined for the
2121-susceptible strain. 
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 To demonstrate the generality of this cross-resistance phenotype in a variety of 2121-resistant 
bacterial strains, efforts were made to generate 2121-resistant mutants of E. coli and other S. aureus 
strains.  2121-resistant strains of S. aureus (ATCC 12598), S. aureus (ATCC 29213), and E. coli MC1061 
were generated in the presence of 8 µg/mL 2121 as described previously in Section 3.3.4.  The 
frequencies at which these resistant mutants arose are summarized in Table 3.6.  While frequencies 
similar to that observed for S. aureus (ATCC 12608) were calculated for the other two S. aureus strains, 
2121-resistant E. coli MC1061 mutants arose at a frequency of 1.3×10-6.  Nevertheless, the activities of 
2121 and various antibiotics against these additional resistant strains were evaluated in MIC assays and 
are summarized in Table 3.7.  Cross-resistance profiles similar to that shown in Table 3.5 for 2121-
resistant S. aureus (ATCC 12608) were observed for 2121-resistant isolates of S. aureus (ATCC 12598) 
and S. aureus (ATCC 29213).  In addition, analysis of the antibiotic activity profile for 2121-resistant E. 
coli MC1061 revealed cross-resistance not only to fusidic acid and streptogramins, but also to 
tetracycline, erythromycin, and linezolid.  Interestingly, while all of these compounds are protein 
synthesis inhibitors, the target of fusidic acid (EF-G) is distinct from that of the other four (the ribosome).  
It is therefore difficult to envision a target mutation that would simultaneously confer resistance to 2121, 
fusidic acid, and any of the other four antibiotics.  
 To identify the mechanism by which fusidic acid- and streptogramin-resistance was conferred to 
2121-resistant bacterial strains, efforts were made to detect the presence of common resistance 
determinants for these antibiotics on the genome of 2121-resistant S. aureus. Previously 
Bacterial strain Resistance frequency
S. aureus (ATCC 12598) 4.4×10-9
S. aureus (ATCC 29213) 4.7×10-9
E. coli MC1061 1.3×10-6
 
Table 3.6.  Resistance frequencies for 2121.  Efforts to generate S. aureus and E. coli strains resistant to 2121 allowed the
calculation of resistance frequencies for this compound.  Overnight cultures of S. aureus (ATCC 12598), S. aureus (ATCC
29213), and E. coli MC1061 were spread in 100 µL volumes onto MH/agar plates containing 8 µg/mL 2121.  The number of
viable colonies spread onto each plate was determined by plating 100 µL diluted culture onto compound-free MH/agar.
Compound-containing plates were incubated for 96 hours at 37°C, and resistance of colonies was confirmed by their subculture
in MH broth containing 8 µg/mL 2121.  Resistance frequencies listed were calculated by dividing the number of resistant
colonies grown by the number of viable cells plated.   
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reported2,3,16 nondegenerate primer sets for fusidic acid resistance determinant, fusB, and streptogramin 
resistance determinants from the erm and vat gene classes, (summarized in Table 3.8 in the Materials and 
Methods section of this chapter) were used to probe genomic DNA isolated from 2121-resistant S. aureus  
(ATCC 12608) for the genes conferring antibiotic resistance.  In addition, positive control reactions were 
performed using primer sets specific for genes encoding the S. aureus 16S ribosomal subunit and a S. 
aureus-specific protease (sau).3   As shown in Figure 3.27, while these genes were successfully amplified 
in positive control reactions, amplification products corresponding to fusidic acid and streptogramin 
resistance determinants were not observed.  Therefore, it was concluded that fusidic acid and 
streptogramin cross-resistance was not conferred to 2121-resistant S. aureus strains by erm, vat, or fusB 
determinants. 
 As described in Chapter 1, fusidic acid resistance is primarily conferred by mutation of fusA, the 
gene encoding EF-G.17 Similarly, mutation of the L22 ribosomal protein has been shown to confer 
resistance to quinupristin.18  To investigate the possibility that the cross-resistance phenotype observed for 
Bacterial strains
2121
K
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iprofloxacin
R
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picillin
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ycin
D
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ycin
S. aureus
(ATCC 12598)
2 1 128 0.5 8 0.5 0.125 0.5 1 0.25 0.008-0.016 0.25 2 2
2121-resistant 
S. aureus
(ATCC 12598)
16 2 64-128 0.5 8 0.5 1 8 1 0.125 0.016-0.032 0.25 1 2
S. aureus
(ATCC 29213)
4 2 128 0.5-1 8 0.5 0.125 0.25-0.5 2
0.125-
0.25
0.008-
0.016 ND 2 2-4
2121-resistant 
S. aureus
(ATCC 29213)
16 2 64-128 1 8 0.5-1 0.25-0.5 4 2 0.125 0.016 ND 1 2
E. coli MC1061 2 ND 16 0.5-1 1-2 4-8 4-8 4-8 4-8 ND 8-16 16 ND ND
2121-resistant 
E. coli MC1061
128 ND 16 2-4 1-2 64 >128 >128 ≥128 ND 8 32 ND ND
Table 3.7.  Cross-resistance profile of 2121-resistant S. aureus and E. coli strains.  MIC assays were performed for antibiotic
inhibitors of proteins synthesis (red), DNA replication (green), transcription (gold), and cell wall biosynthesis (purple) against
2121-susceptible and 2121-resistant strains of S. aureus (ATCC 12598), S. aureus (ATCC 29213), and E. coli MC1061.  Listed
are the MIC values in µg/mL determined for 2121 and each antibiotic against all six strains.  Cross-resistance of 2121-resistant
strains to various protein synthesis inhibitors is indicated by MIC values determined against 2121-resistant strains that are at least
4-fold higher than those determined for 2121-susceptible strains.     
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2121-resistant S. aureus strains was conferred by mutation of these or other components of the ribosome, 
fusA and genes encoding ribosomal proteins L4, L10, L11, L16, and L22 were amplified by PCR from 
genomic DNA isolated from both 2121-susceptible and -resistant S. aureus (ATCC 12608).  Additionally, 
as ribosome-bound streptogramins primarily contact domains II and V of 23S rRNA,19 the portions of the 
23S rRNA gene encoding these domains were also amplified from this genomic DNA.  The primer sets 
used for these PCR reactions were previously reported,2,18 and are summarized in Table 3.8. in the 
Materials and Methods section of this chapter.  Sequencing analysis was performed on all PCR products, 
and the sequences of products amplified from genomic DNA of 2121-resistant S. aureus were compared 
to those amplified from DNA of the 2121-susceptible strain. As shown in Figures 3.38 through 3.44 at 
the end of this chapter, the sequences of all genes amplified from the genomes of susceptible and resistant 
strains were identical.  This suggests that resistance to fusidic acid and quinupristin-dalfopristin are not 
conferred in 2121-resistant strains by mutation of EFG or ribosomal proteins; however, as multiple copies 
of 23S rDNA exist on the S. aureus genome, it is possible that mutations present in only a minority of the 
ermA ermB ermC 16S
S R S R S R S RLa
dd
er vatA vatB vatC sau
S R S R S R S RLa
dd
er fusB 16S sau
S R S R S RLa
dd
er
Figure 3.27.  PCR amplification of fusidic acid and streptogramin resistance determinants from the genome of 2121-resistant S.
aureus.  Attempts were made to amplify streptogramin resistance determinants ermA, ermB, ermC, vatA, vatB, and vatC and
fusidic acid resistant determinant fusB from the genomes of 2121-susceptible and 2121-resistant S. aureus (ATCC 12608).  PCR
was performed as previously described2,3 using published primer sets specific to these genes and to those encoding the S. aureus
16S ribosomal subunit and a S. aureus-specific protease (sau).  Reactions were loaded in 40 µL volumes onto 1% agarose gels
containing 0.5 µg/mL ethidium bromide.  A 10 µL volume of 1 kb ladder (Promega) was also loaded into the first well of each
gel.  Gels were run for 45 min at 120V and visualized on a UV light box.  Reactions containing genomic DNA from 2121-
susceptible S. aureus and 2121-resistant S. aureus are labeled “S” and “R”, respectively.  Successful amplification of positive
control genes (16S and sau) was indicated by the visualization of bands corresponding to 420 and 108 bp products, respectively.
No amplification products were detected in PCR reactions containing primers specific for resistance determinants. 
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copies would not be detected by these experiments.18 Therefore, the possibility that streptogramin 
resistance was conferred to 2121-resistant S. aureus by mutation of 23S rDNA could not be eliminated.   
 To identify 2121-resistance conferring genetic mutations in a more high-throughput manner, 
efforts are currently underway to construct a clone library from the genome of 2121-resistant E. coli 
MC1061.  As described in Chapter 1, this strategy has been successfully employed to identify the targets 
of several antibacterial compounds.20,21  Once constructed, this library will be transformed into 
electrocompent E. coli MC1061, and transformed cells will be added to media containing 8 µg/mL 2121.  
Those transformants expressing genomic fragments harboring 2121-resistance conferring mutations 
should selectively grow under these conditions, allowing the portion of the E. coli genome conferring 
2121-resistance to be identified.  This analysis should provide clues regarding the mechanism of action 
for 2121.  
 
3.3.9.c. Cell free translation 
 The observed cross-resistance of 2121-resistant strains to protein synthesis inhibitors suggested 
that bacterial translation might be affected by this compound.  To determine if this was indeed the case, 
the effect of 2121 on protein synthesis in a cell free system was assessed.  These experiments evaluated 
the ability of 2121 to inhibit the expression of the RelB proteic antitoxin by an E. coli T7 S30 extract 
system.  S30 extract was treated with either DMSO, 2121, quinupristin-dalfopristin, or vancomyin.  Both 
2121 and quinupristin-dalfopristin were tested at concentrations equal to 25, 50, and 100 times their 
MIC90 values against S. aureus (ATCC 12608).  A negative control reaction received vancomycin at 100 
times its MIC90.  Treated extracts were incubated at 37°C for 20 min.  Plasmid DNA encoding the relB 
protein (pET28a-relB-His6) was then added to each treated extract, and protein expression was allowed to 
proceed for 1 hour at 37°C.  Proteins were precipitated from each reaction with trichloracetic acid (TCA) 
and analyzed by Western blot using an anti-RelBE polyclonal antibody.  As shown in Figure 3.28, 
inhibition of translation was observed at all concentrations of quinupristin-dalfopristin tested.  In contrast, 
even the highest tested concentration of 2121 did not inhibit the expression of RelB.  While this result 
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suggests that 2121 does not inhibit protein synthesis driven by a T7-inducible promoter, it does not 
confirm the inactivity of 2121 in native bacterial translation systems.  Therefore, the effect of 2121 on 
protein synthesis was further evaluated in whole cell macromolecular synthesis assays. 
 
3.3.9.d. Macromolecular synthesis assays 
 The effect of compound 2121 on the major biosynthetic pathways in S. aureus was next assessed 
by performing macromoleular synthesis assays.    In these assays, the biosynthesis of DNA, RNA, 
protein, and peptidoglycan was evaluated in the presence of 2121 by measuring the extent to which [3H]-
thymidine, [3H]-uridine, [3H]-leucine, and [3H]-N-acetylglucosamine were incorporated into their 
respective macromolecules.    For each biosynthetic pathway, liquid cultures of S. aureus (ATCC 12608) 
in minimal M9 media were co-treated with the appropriate radiolabeled precursor and either DMSO, 
2121, or control antibiotic.  These control antibiotics, each tested at four times their MICs, were 
ciprofloxacin, rifampicin, tetracycline, and vancomycin.  Compound 2121 was evaluated at various 
concentrations.  DMSO- and compound-treated cultures were incubated at 37°C for 10 minutes, and 
macromolecules were precipitated from each culture with 10% TCA and isolated by filtration.  Filters 
were then washed with ethanol, dried, and submerged in scintillation fluid to allow the extent of 
radiolabeled precursor incorporation to be assessed with a liquid scintillation counter.  Surprisingly, 
evaluation of 2121 in this manner revealed the dose-dependent pan-inhibition of all biosynthetic pathways 
by this compound (Figure 3.29).   
1 5 6 7 82 3 4
 
Figure 3.28.  Evaluation of 2121 in a cell free translation assay.  E. coli T7 S30 extract (Promega) was incubated with either
DMSO, 2121, quinupristin-dalfopristin, or vancomyin for 20 min at 37°C.  RelB expression vector pET28a-RelB-His6 was
subsequently added to each treated extract and incubated for 1 hour at 37°C.  Protein was precipitated from each reaction with
10% TCA and analyzed by Western blot using a 1:1000 dilution of RelBE polyclonal antibody.  Antibody-bound RelE proteins
were visualized with anti-rabbit HRP conjugated secondary antibody.  Lane 1: Extract incubated with DMSO.   Lanes 2-4:
Extract incubated with quinupristin-dalfopristin (12.5, 25, and 50 µg/mL, respectively).  Lanes 5-7:  Extract incubated with 2121
(50, 100, and 200 µg/mL).  Lane 8:  Extract incubated with 100 µg/mL vancomycin.    
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 As described in Chapter 1, this type of inhibition is often observed for highly colored compounds 
and is a consequence of compound interference in the detection of photons by scintillation counters rather 
than an induced biological response.  Bright yellow in color, 2121 was often visible on filters after 
isolation of precipitated macromolecules and could not be removed by washing with ethanol.  It is 
therefore quite possible that the pan-inhibition of biosynthetic pathways by 2121 was an artifact of this 
compound’s color rather than of its mechanism of action.  To validate this hypothesis, solutions of [3H]- 
uridine were prepared in scintillation fluid and were subsequently spiked with various concentrations of 
2121.  Liquid scintillation detection revealed that 2121 induced a dose-dependent decrease in the 
radioactive count of [3H]-uridine (Figure 3.30).  In addition, the employment of a scintillation counter 
equipped with color quench correction software did not alleviate this compound interference.    Therefore, 
efforts to evaluate 2121 in this assay were abandoned and the color quench properties of 2121 derivatives 
were investigated.  
 Several 2121 derivatives with potent antibacterial activity were evaluated at 4 µg/mL for their 
interference in the detection of [3H]-uridine by scintillation counters.  This assay was performed as 
described above for 2121, and of the derivatives tested, IMI-I-134 was the only compound that did not 
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Figure 3.29.  Evaluation of 2121 in macromolecular synthesis assays.  To determine the effect of 2121 on the incorporation of
[3H]-thymidine, [3H]-uridine, [3H]-leucine, and [3H]-N-acetylglucosamine into DNA, RNA, protein, and peptidoglycan, liquid
cultures of S. aureus (ATCC 12608) in minimal M9 media were co-treated with the appropriate radiolabeled precursor and either
DMSO or 2121 at 2, 4, 8, 16, or 32 µg/mL.  Additional cultures were also treated with ciprofloxacin, rifampicin, tetracycline, or
vancomycin at four times their MICs.  Treated cultures were incubated at 37°C for 10 min, and macromolecules were
precipitated with 10% TCA.  Samples were incubated on ice for 30 min to allow complete macromolecular precipitation and
were subsequently passed through glass microfiber filters.  Filtered macromolecules were washed twice with 1 mL ethanol and
were then allowed to dry overnight.  To determine levels of radiolabel incorporation, filters were submerged in scintillation fluid
and analyzed by a liquid scintillation counter.  Indicated are the percent counts per minute (CPM) observed for each sample
relative to a DMSO-treated control. 
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quench the scintillation fluid signal (Figure 3.31).  The evaluation of this compound in macromolecular 
synthesis assays required compound concentrations of up to 32 µg/mL; therefore this derivative was also 
tested for color quenching this concentration.  Radiation counts observed for [3H]-uridine samples treated 
with 32 µg/mL IMI-I-134 were similar to those measured for DMSO-treated samples (data not shown).  
Therefore, with the expectation that the antibacterial properties of this compound were mechanistically 
similar to that for 2121, IMI-I-134 was evaluated in macromolecular synthesis assays.  
 The effect of IMI-I-134 on DNA, RNA, and protein synthesis in S. aureus (ATCC 12608) was 
assessed as described above for 2121.  As shown in Figure 3.32, DNA replication and protein translation 
were significantly affected by the presence of IMI-I-134.  At 4 times its MIC, this compound was more 
effective at inhibiting the synthesis of DNA and protein than ciprofloxacin and linezolid, respectively.  In 
addition, while levels of transcription in the presence of rifampicin were 20% of that in DMSO-treated 
cells, RNA synthesis was unaffected by the presence of IMI-I-134.  This confirms that the reduced signals 
observed for IMI-I-134 in [3H]-thymidine and [3H]-leucine incorporation assays are not a result of color 
quenching by this compound, but rather a consequence of IMI-I-134 antibacterial activity.  While the 
inhibition of protein synthesis by IMI-I-134 is consistent with cross-resistance phenotypes observed for 
2121-resistant strains, 2121 inhibition of DNA replication was not indicated by any of the previously 
performed assays.  Therefore, to confirm that 2121 inhibited DNA and protein synthesis in a manner 
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Figure 3.30.  Color quenching of scintillation fluid by 2121.  Compound 2121 was evaluated for color quenching at 1, 2, 4, 8,
and 16 µg/mL.  These concentrations are equivalent to 0.5, 1, 2, 4, and 8 times its MIC against S. aureus (ATCC 12608).
Compound 2121 was added to scintillation fluid containing 1 µCi/mL [3H]-uridine, and the radioactive count for each sample
was measured using a liquid scintillation counter.   
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similar to IMI-I-134, efforts were made to further evaluate the effect of 2121 on these biosynthetic 
pathways.  
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Figure 3.32.  Evaluation of IMI-I-134 in macromolecular synthesis assays.  To determine the effect of IMI-I-134 on the
incorporation of [3H]-thymidine, [3H]-uridine, and [3H]-leucine into DNA, RNA, and protein, liquid cultures of S. aureus (ATCC
12608) in minimal M9 media were co-treated with the appropriate radiolabeled precursor and either DMSO or IMI-I-134 at 8, 16,
or 32 µg/mL.  Additional cultures were also treated with ciprofloxacin, rifampicin, linezolid, or vancomycin at four times their
MICs.  Treated cultures were incubated at 37°C for 10 min, and macromolecules were precipitated with 10% TCA.  Samples
were incubated on ice for 30 min to allow complete macromolecular precipitation and were subsequently passed through glass
microfiber filters.  Filtered macromolecules were washed twice with 1 mL ethanol and were then allowed to dry overnight.  To
determine levels of radiolabel incorporation, filters were submerged in scintillation fluid and analyzed by a liquid scintillation
counter.  Indicated are the percent CPMs observed for each sample relative to a DMSO-treated control. 
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Figure 3.31.  Color quenching of scintillation fluid by 2121 derivatives.  The derivatives shown were each evaluated at 4 µg/mL
for color quenching.  Compounds were added to scintillation fluid containing 10 nCi/mL [3H]-uridine, and the radioactive count
for each sample was measured using a liquid scintillation counter.  Previously determined MIC values for growth inhibition of S.
aureus (ATCC 25923) are indicated.  Compound 2121 is indicated by *.  IMI-I-134 (shown right) was the only tested derivative
that did not interfere with the detection of radiation.    
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3.3.9.e. Gyrase cleavage assays 
 As the only clinically employed inhibitors of DNA replication exert their activity by preventing 
the supercoiling of DNA by topoisomerase enzymes, 2121 was evaluated for its ability to inhibit this 
aspect of DNA replication.  As described in Chapter 1, quinolones inhibit DNA supercoiling reactions by 
binding topoisomerase-DNA complexes and locking them in stalled conformations.  To determine if 
2121-treatment of DNA gyrase resulted in the accumulation of similar DNA-bound topoisomerase 
complexes, an in vitro DNA gyrase cleavage assay was performed.  In this assay, the detection of stalled 
gyrase complexes is facilitated by the detergent-mediated double-strand cleavage of gyrase-bound 
supercoiled DNA.  Electrophoretic analysis of DNA isolated from these cleavage reactions therefore 
allows the detection of stalled topoisomerase-DNA complexes by an increase in the abundance of linear 
DNA.  As shown in Figure 3.33, the incubation of 8 µg/mL ciprofloxacin with E. coli DNA gyrase and 
supercoiled plasmid DNA for 1 hour at 37°C resulted in the visualization of a band corresponding to 
linear DNA.  In contrast, DNA isolated from similar reactions treated with up to 16 µg/mL 2121 primarily 
existed in supercoiled or open-circle conformations.  This suggests that topoisomerase-catalyzed DNA 
supercoiling reactions are unaffected by 2121.  Therefore, either 2121 does not inhibit DNA replication in 
a manner similar to IMI-I-134, or it does so by a mechanism other than that observed for the quinolone 
class of antibiotics.   
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Figure 3.33.  The in vitro evaluation of 2121 in a gyrase cleavage assay.  Compound 2121 was tested for its ability to stall
topoisomerase-DNA complexes using a gyrase cleavage kit obtained from Inspiralis.  A mixture of 2.5 U E. coli DNA gyrase and
1 µg supercoiled pBR233 plasmid DNA were incubated for 1 hour at 37°C with either 8 µg/mL ciprofloxacin, or various
concentrations of 2121.  SDS and proteinase K were subsequently added to respective final concentrations of 0.2% and 100
µg/mL and samples were incubated at 37°C for an additional hour.  DNA cleavage reactions were quenched with 45 µM EDTA
and DNA was isolated from reactions by phenol:chloroform extraction.  DNA was analyzed by electrophoresis through a 1%
agarose gel and visualized with 0.5 µg/mL ethidium bromide.  Stalled topoisomerase-DNA complexes are indicated by the
presence of a band corresponding to linearized DNA. Lane 1:  Supercoiled pBR233 and E. coli DNA gyrase. Lane 2:  1 µL linear
DNA supplied with kit.  Lane 3:  8 µg/mL ciprofloxacin incubated with supercoiled pBR233 and E. coli DNA gyrase.  Lanes 4-7:
Supercoiled pBR233 and E. coli DNA gyrase incubated with 2, 4, 8, and 16 µg/mL 2121, respectively. 
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3.3.9.f. [35S]-Methionine incorporation assays 
 While [3H]-precursors are often used for macromolecular synthesis assays due to the relatively 
low-energy β-emission of the tritium isotope,22 their employment requires the analysis of incorporation 
levels by liquid scintillation counting.  However, the incompatibility of 2121 with this analytical method 
necessitated a search for alternative strategies for evaluating the effect of 2121 on protein synthesis in 
whole cells.  As the 35S isotope is easily detected by autoradiography, the use of [35S]-methionine as a 
precursor to protein synthesis in incorporation assays was an attractive option.   
 To determine the effect of 2121 on protein synthesis, liquid cultures of S. aureus (ATCC 25923) 
in M9 minimal media were co-treated with [35S]-methionine and either DMSO, 2121, or control 
antibiotic.  These control antibiotics were each tested at 4 times their MICs, and 2121 was evaluated for a 
range of concentrations.  In addition, an inactive 2121 derivative, IMI-I-078, was also evaluated in this 
assay at 16 µg/mL for its effect on protein synthesis.  DMSO- and compound-treated cultures were 
 
Figure 3.34.  Evaluation of 2121 in an [35S]-methionine incorporation assay.  Liquid cultures of S. aureus (ATCC 25923) in
minimal M9 media were co-treated with 100 µCi/mL [35S]-methionine and either DMSO or 2121 at 4, 8, or 16 µg/mL.
Additional cultures were treated similarly with control antibiotics at four times their MICs.  Treated cultures were incubated at
37°C for 10 minutes.  Casamino acids, cold methionine, and cold cysteine were subsequently added to each sample to final
concentrations of 1 mg/mL, 0.1 mg/mL, and 0.1 mg/mL, respectively, and samples were then incubated at room temperature for
5 minutes.  Proteins were precipitated on ice with 7.5% TCA for 30 minutes and isolated by centrifugation.  Levels of [35S]-
methionine incorporation were determined by analysis of isolated proteins by SDS-PAGE followed by autoradiography.  Lane 1:
1% DMSO.  Lane 2-4:  2121 at 4, 8, and 16 µg/mL, respectively.  Lane 5:  16 µg/mL IMI-I-078.  Lane 6: 8 µg/mL linezolid.
Lane 7: 16 µg/mL linezolid.  Lane 8: 32 µg/mL chloramphenicol.  Lane 9:  4 µg/mL tetracycline.  Lane 10: 2 µg/mL
erythromycin.  Lane 10:  2 µg/mL fusidic acid.  Lane 11:  4 µg/mL quinupristin-dalfopristin.  Lane 12:  1 µg/mL ciprofloxacin.
Lane 13:  0.5 µg/mL ampicillin.  Lane 14:  8 µg/mL vancomycin.            
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incubated at 37°C for 10 minutes and protein was subsequently precipitated with 10% TCA containing 
100 µg/mL cold methionine.  As shown in Figure 3.34, analysis of protein isolated from each treated 
culture by SDS-PAGE followed by autroradiography revealed that 2121-treated samples displayed 
significantly diminished levels of [35S]-methionine incorporation relative to those treated with DMSO.  
This effect of 2121 on protein synthesis was significant, as only linezolid, chloramphenicol, and fusidic 
acid inhibited protein synthesis to the same extent as this compound.  In contrast, treatment of cultures 
with IMI-I-078 had no effect on the incorporation of [35S]-methionine into S. aureus proteins, suggesting 
a connection between the antibacterial activity of 2121 and its ability to inhibit protein synthesis.  
 To investigate this connection, the effect of 2121 on protein synthesis in 2121-resistant S. aureus 
was also evaluated.  Both 2121-resistant and 2121-susceptible S. aureus (ATCC 12608) were exposed to 
DMSO, 2121, and control antibiotics as described above.  As shown in Figures 3.35a and 3.35c, side-by-
side analysis of proteins isolated from these strains revealed a general increase in the amount of [35S]-
labeled proteins in 2121-resistant S. aureus relative to the 2121-susceptible strain.  The reason for this 
enhanced incorporation rate is unknown, but to facilitate the comparison of compound effects in 2121-
resistant and 2121-susceptible strains, the brightness and contrast of the gel image obtained upon analysis 
of 2121-susceptible S. aureus were altered such that the signal intensity observed for the DMSO control 
for this strain matched that for the 2121-resistant strain.  The result of this alteration is shown in Figure 
3.35b.  Significantly, while linezolid inhibited protein synthesis in both strains to the same extent, 2121 
was shown to have a much greater inhibitory effect on translation in 2121-susceptible S. aureus than in 
the 2121-resistant strain.  This result strongly suggests that 2121 exerts its antibacterial activity by 
inhibiting bacterial protein synthesis.  Interestingly, although 2121-resistant strains are cross-resistant to 
fusidic acid and quinupristin-dalfopristin, these compounds showed similar levels of protein synthesis 
inhibition in 2121-resistant and 2121-susceptible strains.  As the mechanism by which this cross-
resistance phenotype arises remains to be determined, the reason for this lack of selectivity are unknown.  
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3.3.10.  Animal studies 
 To investigate the clinical utility of 2121, experiments were performed to evaluate the toxicity of 
this compound in mice.  Mice were injected intraperitoneally with up to 1 mL of a 200 mg/mL 
a. b.
c.
 
Figure 3.35.  The effect of 2121 on protein synthesis in 2121-susceptible and 2121-resistant S. aureus strains as assessed by an
[35S]-methionine incorporation assay.  Liquid cultures of 2121-resistant and 2121-suceptible S. aureus (ATCC 12608) in minimal
M9 media were co-treated with 100 µCi/mL [35S]-methionine and either DMSO or 2121 at 2, 4, or 8 µg/mL.  Additional cultures
were treated similarly with control antibiotics linezolid, fusidic acid, and quinupristin-dalfopristin at 8, 0.5, and 2 µg/mL,
respectively.  Treated cultures were incubated at 37°C for 10 minutes.  Casamino acids, cold methionine, and cold cysteine were
subsequently added to each sample to final concentrations of 1 mg/mL, 0.1 mg/mL, and 0.1 mg/mL, respectively, and samples
were then incubated at room temperature for 5 minutes.  Proteins were precipitated on ice with 7.5% TCA for 30 minutes and
isolated by centrifugation.  Levels of [35S]-methionine incorporation were determined by analysis of isolated proteins by SDS-
PAGE followed by autoradiography. a. Evaluation of DMSO, 2121, and control antibiotics on protein synthesis in 2121-
susceptible S. aureus (ATCC 12608).  Lane 1:  1% DMSO.  Lane 2-4:  2121 at 4, 8, and 16 µg/mL, respectively.  Lane 5:  8
µg/mL linezolid.  Lane 6: 0.5 µg/mL fusidic acid. Lane 7: 2 µg/mL quinupristin-dalfopristin.  b. Brightness and contrast of gel
image in shown in a. were adjusted such that the signal intensity observed for the DMSO control for 2121-susceptible S. aureus
matched that for the 2121-resistant strain.  The results of that alteration are shown here.  Lane 1:  1% DMSO.  Lane 2-4:  2121 at
4, 8, and 16 µg/mL, respectively.  Lane 5:  8 µg/mL linezolid.  Lane 6: 0.5 µg/mL fusidic acid. Lane 7: 2 µg/mL quinupristin-
dalfopristin.  c. Evaluation of DMSO, 2121, and control antibiotics on protein synthesis in 2121-resistant S. aureus (ATCC
12608).  Lane 1:  1% DMSO.  Lane 2-4:  2121 at 4, 8, and 16 µg/mL, respectively.  Lane 5:  8 µg/mL linezolid.  Lane 6: 0.5
µg/mL fusidic acid. Lane 7: 2 µg/mL quinupristin-dalfopristin. 
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hydroxypropyl β-cyclodextran solution containing 1 mg/mL 2121 and were observed for 24 hours for 
signs of compound toxicity.  Compound 2121 was found to be toxic at concentrations as low as 5 mg/kg, 
as mice treated with 5 and 50 mg/kg 2121 were dead within 20 and 3 hours, respectively.  To determine if 
MIC concentrations of 2121 could be achieved in serum by administering this compound to mice at 
concentrations lower than 5 mg/mL, a preliminary pharmacokinetic experiment was performed.  Mice 
were treated with 50 mg/kg 2121 by i.p. injection, and at 15, 30, 45, 60, and 90 minutes post-injection, 
0.5 to 0.7 mL blood was withdrawn from the vena cava and centrifuged.  Plasma was removed from the 
red blood cell pellets and analyzed for 2121 by LC/MS.  This analysis revealed that maximum serum 
concentrations of 2.45 µg/mL were observed 15 min after 2121 injection.  As the MIC for 2121 against S. 
aureus ranges from 2-4 µg/mL, depending on the strain, it was determined that administration of 2121 at 
concentrations less than 5 mg/kg were not likely to result in serum concentrations exceeding the MIC.   
 In an effort to identify structural features of 2121 contributing to this compound’s toxicity, mice 
were treated with several 2121 derivatives at 50 mg/kg.  These derivatives, summarized in Figure 3.36, 
were dissolved in DMSO at 20 mg/mL, and these solutions were subsequently administered by 
intraperitoneal (i.p.) injection to mice in 50 µL volumes.  While mice treated with IMI-I-124, IMI-I-136, 
and IMI-I-200 died within 5 hours of injection, compound IMI-I-134 was well-tolerated by mice for up to 
3 days post-injection.  Experiments to define the maximum tolerated dose for IMI-I-134 revealed that this 
compound was non-toxic at concentrations up to 100 mg/kg; administration of 150 mg/kg IMI-I-134 to 
mice caused seizures and death five minutes after injection.  This diminished toxicity relative to 2121 
IMI-I-200
MIC = 1 µg/mL
IMI-I-124
MIC =0.5 µg/mL
N
S N
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Figure 3.36.  Derivatives of 2121 evaluated for in vivo toxicity.  To identify structural features of 2121 contributing to its toxicity
in mice, 2121 derivatives with potent antibacterial activity were administered to mice at 50 mg/kg.  IMI-I-134 was the only
derivative that did not display any toxicity in the 24 hours post-injection.  Indicated are the MICs for each derivative against S.
aureus (ATCC 25923).    
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suggested that IMI-I-134 would be a good candidate for evaluation in in vivo antibacterial efficacy 
studies.  However, this promise was later reduced by the revelation that the presence of serum greatly 
influenced the in vitro antibacterial activity of IMI-I-134, as MICs for this compound in 10% and 50% 
serum were 128 µg/mL and >128 µg/mL, respectively.   
 The in vivo activity of antibacterial compounds has been shown to be dependent on several 
factors in addition to bloodstream concentrations of unbound drug;23 therefore, it is possible that IMI-I-
134 would effectively clear in vivo systemic infections despite its inactivation in vitro by human serum.  
However, the therapeutic utility of this compound may be more successfully demonstrated using an 
animal model of infection that limits the exposure of compound to serum proteins.  An example of such 
an approach would be the topical application of IMI-I-134 to an infected wound in a thigh lesion mouse 
model of infection.24  Alternatively, one could evaluate the serum-binding properties of the remaining 
2121 derivatives to identify a compound with more desirable pharmacological properties.  The maximum 
tolerated doses of those derivatives that retain their activities in serum could then be evaluated to identify 
2121 derivatives with the greatest probability of in vivo success.   
 
3.4.  SUMMARY AND FUTURE DIRECTIONS 
Whole cell screening has historically been the most successful approach to antibiotic discovery.  
Compounds are identified from such screens by their ability to inhibit the growth of bacteria, and 
therefore already fulfill the minimum requirement for advancement to the preclinical development 
process.  As the recent emergence of multi-drug resistant A. baumannii and S. aureus infections has 
necessitated the discovery of new therapeutic options for their treatment, we employed the whole cell 
screening strategy to our efforts to identify novel antibacterial compounds with growth inhibition 
properties against these two pathogens. 
The screen for inhibitors of A. baumannii growth failed to identify structurally novel antibacterial 
compounds with clinically acceptable levels of activity.  This result highlights the difficulties of treating 
A. baumannii infections, as the relative impermeability of this Gram-negative pathogen’s cell wall along 
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with its propensity to form biofilms significantly decreases the accessibility of A. baumannii  to small 
molecules.  In contrast, the permeable nature of the S. aureus cell membrane likely contributed to the high 
hit rate (0.6%) observed in the screen for growth inhibitors of this pathogen.  Eight of these hit 
compounds, all with novel antibacterial scaffolds, were found to inhibit S. aureus growth with MICs less 
than 16 µg/mL.  In addition, three general antibacterial compounds identified in a cell based screen for 
disruptors of the RelBE toxin-antitoxin system were found to be potent inhibitors of S. aureus growth. 
  The preclinical evaluation of the 11 active hit antibacterials revealed 2 compounds, 7938 and 
2121, that displayed particularly interesting antibacterial properties.  Compound 7938 was one of the most 
potent antibacterial compounds identified, as it inhibited the growth of S. aureus at 0.5 µg/mL; however 
the activity of this compound was found to be diminished in the presence of 50% serum.  Assuming that 
this inactivation was due to the binding of 7938 to HSA, we attempted to optimize the activity of this 
compound by structural modification; however, the introduction of structural motifs shown in the 
literature to decrease the affinity of compounds for HSA had little effect on the serum-influenced 
antibacterial activity of 7938.  Therefore, as the presence of serum albumin has also been shown to 
diminish the activity of promiscuously active aggregating compounds, we evaluated 7938 and its 
derivatives for chymotrypsin inhibition.  This evaluation revealed a correlation between antibacterial 
potency and the extent of chymotrypsin inhibition induced by this set of compounds, suggesting a 
connection between promiscuous enzyme inhibition by 7938 and its antibacterial activity.  Therefore, 
7938 appears to possess promiscuous inhibition activity more characteristic of aggregating compounds 
often identified using in vitro screening methods.  While precautions against aggregating compounds in 
the context of in vitro screens are available in the literature,25 our data suggest that one should be aware 
that such “nuisance” compounds can be problematic for cell-based screens as well.  
  Compound 2121 was identified from the screen for inhibitors of S. aureus growth and was shown 
to display potent antibacterial activity against a range of Gram-positive bacterial strains, including 
multidrug-resistant clinical isolates of MRSA and VRE.  This activity was retained in the presence of 
50% serum and was not the result of nonspecific membrane disruption, as assessed by hemolysis assays.  
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With these positive indications of 2121 clinical utility, efforts were made to optimize the antibacterial 
activity of 2121 through structural modification.  Few derivatives evaluated were more potent inhibitors 
of S. aureus growth than 2121, and those that were more active displayed diminished solubility 
properties.  Therefore, from an antibacterial potency standpoint, 2121 optimization efforts were 
unsuccessful.   However, one derivative, IMI-I-134, has proven superior to 2121 in other ways.   
 First, this compound has been shown to be less toxic to mice than 2121.  While the evaluation of 
2121 in mammalian cell culture cytotoxicity assays indicated a selective inhibition of bacterial growth 
over eukaryotic cell proliferation, in vivo toxicity assays revealed that 2121 was not tolerated by mice at 5 
mg/kg.  The reason for this toxicity is unknown; however, as IMI-I-134 is well-tolerated in mice at 100 
mg/kg and the tetrahydroquinoline-substituted benzoselenazole derivative (IMI-I-136) was also shown to 
be toxic to mice, it appears that this in vivo toxicity displayed by 2121 can be attributed to the 
tetrahydroquinoline substituent at the 2-position of its benzothiazole core.  Efforts are currently underway 
to synthesize 2121 and IMI-I-134 derivatives lacking this substituent, and the antibacterial activity and in 
vivo toxicity of these compounds will be evaluated by Dr. Isak Im in the Hergenrother lab.  Optimized 
compounds will subsequently be assessed in a mouse model of infection performed by researchers at 
Ricerca Biosciences.   
 Mechanism of action studies were also greatly facilitated by the enhanced colorimetric properties 
of IMI-I-134 relative to compound 2121.  Attempts to evaluate 2121in macromolecular synthesis assays 
were unsuccessful, as the bright yellow color of this compound interfered with the detection of tritium by 
liquid scintillation counters.  However, compound IMI-I-134 was found to have no effect on the readout 
of this assay, and evaluation of this compound in macromolecular synthesis assays revealed a dose-
dependent inhibition of DNA replication and protein translation in S. aureus.  In contrast, RNA 
transcription was unaffected by IMI-I-134 up to 32 µg/mL.  Attempts to confirm a similar effect of 2121 
on DNA replication using an in vitro assay for gyrase activity revealed that 2121 does not inhibit the 
supercoiling of DNA by topoisomerases.  Therefore, either 2121 does not inhibit DNA replication in a 
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manner similar to IMI-I-134, or it does so through a mechanism previously undescribed for clinically 
employed antibiotics. 
 In response to the observed inhibition of protein synthesis by IMI-I-134, 2121 was evaluated for 
its ability to inhibit the incorporation of [35S]-methionine into S. aureus protein and was found to be a 
potent inhibitor of bacterial translation.  Importantly, this effect was not observed to the same extent in a 
2121-resistant strain, suggesting that 2121 inhibits the growth of bacteria by halting protein translation 
(see Figure 3.37).  This conclusion is consistent with the observed cross-resistance of 2121-resistant 
strains of S. aureus and E. coli to a variety of protein synthesis inhibitors, in particular fusidic acid and 
quinupristin-dalfopristin.  As these two antibiotics do not share a common binding site, a target mutation 
that would simultaneously confer resistance to both drugs is not obvious.  Therefore, efforts are currently 
underway to identify the genetic mutation that confers resistance to these antibiotics and to 2121.   
 Two approaches have been taken to identify the mechanism by which bacteria gain resistance to 
2121.  First, a clone library is currently being constructed from the fragmented genome of 2121-resistant 
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Figure 3.37.  Summarized results of mode of action studies for 2121 and IMI-I-134.    
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E. coli.  This library will be transformed into E. coli MC1061, and the growth of transformants in the 
presence of 2121 will allow the selection of strains expressing the genome fragment harboring 2121-
resistance-conferring mutations.  Second, efforts are currently underway to sequence the genomes of 
2121-resistant and 2121-susceptible E. coli strains such that their genetic differences can be detected.  
This approach, greatly facilitated by the use of the high-throughput Illumina sequencing platform, will 
allow the identification and characterization of 2121-resistance conferring mutations.     
 
3.5.  MATERIALS AND METHODS 
Materials.  MH broth was purchased from BD Biosciences.  Daptomycin, linezolid, and quinupristin-
dalfopristin were kindly provided by Cubist Pharmaceuticals (Lexington, MA), Pfizer (New York, NY), 
and King Pharmaceuticals (Bristol, TN), respectively.  Human blood and serum were purchased from 
Bioreclamation, and serum was always deactivated immediately prior to its use by incubation at 65°C for 
1 hour.  Type II α-chymotrypsin from bovine pancreas, the N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide 
chymotrypsin substrate, and lysostaphin from Staphylococcus staphylolyticus were all purchased Sigma-
Aldrich.  Finally, L-[35S]-methionine, [6-3H]-thymidine, [5,6-3H]-uridine, and L-[3,4,5-3H(N)]-Leucine 
were all purchased from Perkin Elmer, while N-acetyl-D-[1-3H]-glucosamine was obtained from GE 
Healthcare Life Sciences). 
 
Bacterial strains.  The following strains were obtained from the American Type Culture Collection 
(ATCC):  Staphylococcus aureus (ATCC 12608), Staphylococcus aureus (ATCC 25923), Staphylococcus 
aureus (ATCC 13709), Staphylococcus aureus (29213), Staphylococcus aureus (12598), Bacillus subtilis 
(ATCC 6633), Bacillus cereus (ATCC 11778), Listeria monocytogenes (ATCC 19115),  Streptococcus 
pneumoniae (ATCC BAA-255), Acinetobacter baumannii (ATCC 19606), Salmonella cholerasuis 
(ATCC 14028).  The following clinical isolates of MRSA were obtained from the Network on 
Antimicrobial Resistance in S. aureus (NARSA):  NRS382, NRS383, NRS384, NRS22, NRS3, NRS4, 
NRS21, NRS74.  Clinical isolates of VRE were obtained by Elizabeth Moritz and were obtained from 
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local hospitals.26  VRE U503 was obtained from Carle Foundation Hospital (Urbana, IL) and VRE 
B21190 was obtained from Mount Sinai Hospital (Chicago, IL).  The clinical isolate of P. aeruginosa 
CI01 was obtained by Dinty Musk from Carle Foundation Hospital (Urbana, IL).27  Enterococcus faecalis 
JH2-2 was a kind gift from Abigail Salyers (UIUC). 
 
Whole cell screens for antibacterials.  Screens for inhibitors of A. baumannii growth and S. aureus 
growth were performed identically.  Compounds were delivered via liquid handling device in 2.5 µL 
volumes to columns 3-22 of a clear, sterile 384-well plate.  Wells in columns 1, 2, 23, and 24 received 2.5 
µL DMSO.  Plates were then stored at -20°C until the day of screening.  On the day of screening, plates 
were removed from the freezer and allowed to thaw at room temperature.  Bacteria culture diluted to 
5×106 cfu/mL in MH broth was then added in 72.5 µL volumes via liquid handling device to each well of 
columns 1-22 of thawed plates.  Using a multichannel pipette, MH broth was added in 72.5 µL to wells in 
columns 1 and 2 of culture-containing plates.  Plates were covered and wrapped in stacks of four with 
parafilm.  Two 384-well plates filled with water were placed on the bottom and top of each stack and 
plates incubated in the manner at room temperature for 24 hours.  To assess levels of bacterial growth, the 
absorbance of each plate was measured at 600 nm after brief (5 seconds) shaking in a SpectraMaxPlus 
absorbance plate reader (Molecular Devices).  Percent growth inhibition was calculated relative to the 
average absorbance values of positive growth control wells in column 23 of each plate.   
   
Retest of hits in 10% serum.  Hits compounds were transferred in 2.5 µL volumes from storage plates to 
a clear, sterile 384-well plate.  The procedure described for the whole cell screen for antibacterial 
compounds was followed with the exception that bacteria culture was diluted into MH broth containing 
10% (v/v) deactivated human serum.  Negative control wells also contained MH broth supplemented with 
10% deactivated human serum. 
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Hemolysis assays.  All hemolysis assays were performed using human erythrocytes within three days of 
receipt.  To prepare erythrocytes for use in these assays, 1 mL of human blood was centrifuged (10,000 × 
g for 2 min).  The pellet was washed three times with sterile saline (0.9% NaCl in water) by repeated 
gentle suspension and centrifugation and the pellet was then resuspended in 1 mL red blood cell (RBC) 
buffer (10 mM Na2HPO4, 150 mM NaCl, 1 mM MgCl2, pH 7.4).    
To evaluate hemolytic activity of hit antibacterial compounds from the screen for S. aureus 
growth inhibitors in a high-throughput manner, 1µL 0.5 mg/mL compound was transferred from storage 
plates to 0.5 mL eppendorf tubes containing 19 µL RBC buffer.  Negative control tubes contained a 
mixture of 1 µL DMSO and 19 µL RBC buffer, and positive control tubes contained a mixture of 1 µL 
DMSO and 19 µL sterile deionized water.  A suspension of washed erythrocytes was added to each tube 
in 10 µL volumes.  Samples were incubated at 37°C for 2 hours and were subsequently centrifuged 
(10,000 × g for 2 min).  The supernatant from each sample was then transferred in a 25 µL volume to a 
clear, sterile 384-well plate and the absorbance of these supernatents was measured at 540 nm using a 
SpectraMaxPlus absorbance plate reader (Molecular Devices).  Percent hemolysis for each sample was 
calculated relative to the average absorbance values measured for positive controls. 
To evaluate the hemolytic activity of antibacterial compounds using standard assay conditions,1 
20 µL compound solution in DMSO was added to 980 µL RBC buffer.  Positive controls were prepared 
with 20 µL DMSO and 980 µL sterile, deionized water, and negative controls were prepared with 20 µL 
DMSO and 980 µL RBC buffer.  Washed erythrocytes were added to each solution in 25 µL volumes.  
Treated erythrocytes were mixed gently by inversion and incubated at 37°C for 2 hours.  Samples were 
subsequently centrifuged at 10,000 × g for 2 min, and 100 µL of each supernatant was then transferred to 
a clear, sterile 96-well plate.  The absorbance of each supernatant was measured at 540 nm and percent 
hemolysis was calculated relative to the average absorbance values measured for positive controls.  
 
MIC assays. MIC assays were performed using the microdilution broth method as outlined by the 
Clinical and Laboratory Standards Institute (CLSI).28  Bacterial strains were inoculated into MH broth and 
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incubated at 37°C until the culture reached a turbidity equal to 1 x 107 – 2 x 108 cfu/mL.  These cultures 
were diluted to 5 ×106 cfu/mL with MH broth and were subsequently added in 10 µL volumes to 
individual wells of a 96-well round-bottom plate containing 88 µL MH broth and 2 µL DMSO or 
compound solution in DMSO.  Final compound concentrations were 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 and 
128 µg/mL.  Wells that served as the positive control for no detectable growth received 10 µL 
uninoculated MH broth instead of the bacterial culture.  Plates were incubated at 37°C for 16-20 hours, 
and the absorbance of each plate was subsequently measured at 600 nm.  Percent growth inhibition was 
calculated relative to the average absorbance values of positive growth control wells of each plate.  MIC90 
values were defined as the lowest concentrations of each compound that resulted in ≥ 90% growth 
inhibition.    
 
Serum-influenced MIC assays.  Serum-influenced MIC assays were performed as described above with 
the exception that bacterial culture was added to wells of a 96-well plate that contained serum-
supplemented MH broth.  For assays performed in the presence of 10% serum, wells contained 78 µL MH 
broth, 10 µL serum, and 2 µL DMSO or compound solution in DMSO.  For those performed in the 
presence of 50% serum, wells contained 48 µL MH broth, 50 µL serum, and 2 µL DMSO or compound 
solution in DMSO. 
 Chymotrypsin assays.  Chymotrypsin assays were performed as described by Shoichet and coworkers.29  
DMSO or compound solution in DMSO were added in 2 µL volumes to wells of a clear 384-well plate 
containing 78 µL chymotrypsin buffer (25 mM K2HPO4, 25 mM KH2PO4, pH 7.0).  Compounds 
incubated with buffer for 5 min at room temperature and 10 µL of 2 µg/mL chymotrypsin in 
chymotrypsin buffer were subsequently added.  Wells reserved for compound absorbance controls instead 
received 10 µL chymotrypsin buffer.  Compounds were incubated with chymotrypsin solutions for 30 min 
at room temperature, and 10 µL of 2 mM chymotrypsin substrate was then added to each well.  The 
absorbance of each well was subsequently measured at 405 nm every 30 seconds for 30 min.  To 
determine IC50 values for chymotrypsin inhibition, background absorbance for each compound was 
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subtracted from that obtained in the presence of chymotrypsin.  Initial velocities for chymotrypsin 
reactions in the presence of each compound were determined from the first 10 min of each read and dose-
response curves were then fit to the resulting data.  IC50 values were defined as the concentration of 
compound that inhibits 50% chymotrypsin activity.      
 
Spontaneous resistance generation.  Agar plates were prepared containing MH broth and antibacterial 
compound at a concentration equivalent to four times its MIC90.  Plates were inoculated with 100 µL 
overnight bacterial culture in MH broth by spreading.  Inoculated plates were then incubated at 37°C for 
96 hours and the number of resistant colonies were counted.  To determine the number of viable colonies 
spread onto each plate, dilutions (10-6, 10-7, and 10-8) of the overnight culture in sterile saline were spread 
onto nonselective MH/agar plates.  These plates incubated for 16-20 hours at 37°C.  The number of 
colonies on these plates were counted, allowing the resistance frequency to be calculated by each 
compound.  This frequency was obtained by dividing the number of resistant colonies observed by the 
number of viable cells plated. 
 
Cytotoxicity assays.  wt-MEFs were propagated in DMEM media supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin at 37°C under 95% air/5% CO2 atmosphere.  In preparation 
for cytotoxicity assessment, 20,000 cells were grown overnight in each well of a 96-well plate.  Cells 
were treated in replicates of five with 2 µL of either DMSO, 100 µM 4150, or 2121 at concentrations 
ranging from 0.005 to 100 µM.  Plates were incubated under the conditions described above for 24 hours, 
and the overall biomass in each well was then analyzed by sulforhodamine B assay.30  Briefly, cells were 
fixed by the incubation of each well with 100 µL 10% TCA for at least 1 hour at 4°C.  Plates were then 
submerged three times in a vessel of tap water and allowed to air-dry upside-down for at least one hour.  
A solution of 0.057% sulforhodamine B in 1% acetic acid was then added to each well in 100 µL 
volumes.  Plates were incubated at room temperature for 30 minutes and were then washed as described 
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above in 1% acetic acid.  Plates were once again allowed to air-dry and the dye in each well was then 
suspended in 200 µL of 10 mM Tris-HCl (pH 10.5).  After 30 minutes of incubation at room temperature, 
the absorbance of each well at 510 nm was measured using a SpectraMaxPlus absorbance plate reader 
(Molecular Devices).  Percent inhibition of cellular proliferation were calculated for each 2121 
concentration relative to the average of that observed in the presence of 4150.  IC50 values were calculated 
from logistical dose response data using TableCurve 2D (San Jose, CA).  
 
Potassium leakage assays.   S. aureus strains were inoculated into MH broth and incubated at 37°C until 
the culture reached an optical density of 0.3-0.5.  Cells were harvested by centrifugation, and the pellet 
was washed two times with potassium leakage buffer (10 mM HEPES, 150 mM NaCl, 50 µg/mL CaCl2, 
pH 7.0) by repeated suspension and centrifugation.  Cells were then resuspended in this same buffer to an 
optical density of 0.3.  1 mL aliquots of this resuspension were treated with 1 µL of either DMSO, 2121 
solution in DMSO, or gramicidin solution in DMSO.  Cultures were shaken at 37°C for 1 hour and 
samples were then centrifuged at 10,000 × g for 2 min.  Supernatents were transferred in 900 µL volumes 
to 15 mL tubes containing 8.1 mL sterile, deionized water.  Diluted samples were passed through a 0.2 
µm filter, supplemented with 132 µL concentrated nitric acid, and analyzed for potassium by ICP mass 
spectrometry.   
   
PCR for antibiotic resistance determinants.  Total DNA from all S. aureus strains was prepared using a 
modified isolation method from standard protocols.31,32  Briefly, cell pellets were resuspended in 50 mM 
Tris/10 mM EDTA (pH 8.0), containing 1% SDS, 300 µg/mL proteinase K, 50 µg/mL lysostaphin, and 
60 µg/mL RNase A.  The suspension was incubated at 37ºC for 1 hour, followed by phenol-chloroform 
extraction.  An equal volume of isopropanol was added to the resulting aqueous solution to precipitate 
DNA and this mixture incubated for at least 2 min at room temperature.  DNA was pelleted by 
centrifugation, and the resulting pellet was washed with 1 mL 70% ethanol.  DNA was pelleted once 
156 
 
more by centrifugation and DNA pellets were allowed to air-dry at room temperature for 10 min.  DNA 
was subsequently eluted into 10 mM Tris-HCl buffer (pH 8.0) overnight at 4°C. 
  PCR amplification was performed with total DNA preparations from 2121-susceptible and 2121-
resistant strains of S. aureus (ATCC 12608).  The primers used to amplify the genes for fusidic acid and 
streptogramin resistance determinants and targets were previously reported2,3,16,18 and are summarized in 
Table 3.8.  Reactions were performed in a DNA thermal cycler (PTC-200, MJ Research, Inc.) using 1.5 
Target gene 
(encoded protein 
or ribosomal RNA)
Primer sequences 
(5’-3’)
Reaction 
conditions Reference
ermA (ErmA) AAGCGGTAAACCCCTCTGATTCGCAAATCCCTTCTCAAC PCR-A 3
ermB (ErmB) CTATCTGATTGTTGAAGAAGGATTGTTTACTCTTGGTTTAGGATGAAA PCR-A 16
ermC (ErmC) TAATCGTGGAATACGGGTTTGAATCGTCAATTCCTGCATGT PCR-A 3
vatA (VatA) TCCACCGACAATAGAATAGGGTGGTCCCGGAACAACATTTAT PCR-A 3
vatB (VatB) GCTGCGAATTCAGTTGTTACACTGACCAATCCCACCATTTTA PCR-A 3
vatC (VatC) AAGGCCCCAATCCAGAAGAATCAACGTTCTTTGTCACAACC PCR-A 3
fusB (FusB) CGCCACTCAATGAGTGACGCTCGGGAGGTGATGATGTTATGT PCR-A 2
fusA (EF-G)
Full gene
GTTCATGCTTAGGGCATCG
CGCCACTCAATGAGTGACGCT PCR-B 2
fusA (EF-G)
Last 1769 bp
TGATCGTTTACAAGCTAACGC
CGCCACTCAATGAGTGACGCT PCR-B 2
fusA (EF-G)
Last 1247 bp
ATTCTTCCGTGTGTATTCAGG
CGCCACTCAATGAGTGACGCT PCR-B 2
fusA (EF-G)
Last 716 bp
TGGTCAATACGGTGATGTTCA
CGCCACTCAATGAGTGACGCT PCR-B 2
rrl (23S rRNA –
Domain II)
CGGAAGGGGAGTGAAATAGAAC
ACTAACCCAGAGCGGACGAGC PCR-B 18
rrl (23S rRNA –
Domain V)
GAAAATAGGTGCCCGTACCGC
CAAATTTCCTACGCCCACGAC PCR-B 18
rplD (ribosomal 
protein L4)
AATAATAAGAAGTGAAAGGAGG
GCCATTTTTACTTGTGTTTTG PCR-B 18
rplJ (ribosomal 
protein L10)
TTGACTTGAACGTGATGATCT
TTATCCTAAACCAGTTGCTTC PCR-B 18
rplK (ribosomal 
protein L11)
CTTTTAGAGCGCCCATTTCGT
TTATCTCTGTTATCTGCTTCATCGTT PCR-B 18
rplP (ribosomal 
protein L16)
GAAGCTGACACTACTTACGG
TAGCTAACTGAAAGCGTAGG PCR-B 18
rplV (ribosomal 
protein L22)
CCAAGGACACGTTGCAGACGACAAGAAA
ATTTTTTGACCCACAGTATTCCCTCCTT PCR-B 18
16S rDNA
(16S rRNA)
CAGCTCGTGTCGTGAGATGT
AATCATTTGTCCCACCTTCG PCR-A 3
sau (S. aureus-
specific protease)
AATCTTTGTCGGTACACGATATTCTTC
CGTAATGAGAATTCAGTAGATAATACA PCR-A 3
 
Table 3.8.  Primers used to amplify fusidic acid and streptogramin resistance determinants and targets. 
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U of Taq polymerase (Invitrogen) and one of two previously described sets of reaction conditions.3,18  The 
first, labeled “PCR-A” in Table 3.8, was carried out with an initial denaturation step at 95°C for 3 
minutes, followed by 30 cycles of denaturation at 95°C for 30 seconds, annealing at 55°C for 30 seconds, 
and extension at 72°C for 30 seconds (except for the last cycle, which had an extension step of 3.5 min).  
The second set of conditions, labeled “PCR-B” in Table 3.8, was carried out with an initial denaturation 
step at 95°C for 5 minutes, followed by 30 cycles of denaturation at 95°C for 20 seconds, annealing at 
50°C for 20 seconds, and extension at 72°C for 2.5 minutes.   
  PCR products were analyzed on 1% agarose gels containing 0.5 µg/mL ethidium bromide and 
amplification products for the genes encoding EF-G, ribosomal proteins, and 23S rRNA were purified 
using a QIAquick gel extraction kit (Qiagen) and sequenced using the primers from which they were 
amplified. 
 
Cell free translation.  The S30 T7 High-Yield Protein Expression System (Promega) was used for cell-
free protein synthesis according to the manufacturer’s instructions with some modifications.  Before the 
DNA template was added, reactions were set up with 10 µL S30 Premix Plus, 9 µL T7 S30 Extract, and 
either DMSO, 2121 solution in DMSO, or quinupristin-dalfopristin solution in DMSO.  Reactions were 
shaken at 37°C for 20 minutes.  250 ng of pET28a-relB-His6 DNA template and were then added and the 
reactions was shaken for 1 additional hour at 37°C.  Reactions were stopped by incubating the tubes on 
ice for 5 minutes.  1 µg RNase A was then added to each tube and incubated at room temperature for 5 
minutes.   
 TCA precipitation was used to isolate protein from each reaction.  Sample volumes were increased to 
100 µL with dH2O and 100 µL cold 10% TCA was added.  Samples were vortexed vigorously and kept 
on ice for 20 minutes before centrifuging at maximum speed for 15 minutes at room temperature.  Pellets 
were washed with 100 µL cold 100% ethanol, centrifuged at maximum speed for 5 minutes at room 
temperature, and allowed to air-dry for 15-20 minutes.  Pellets were resuspended in 20 µL Qiagen binding 
buffer (50 mM Tris-HCl, 300 mM NaCl, 10 mM imidazole, pH 8.0) and 20 µL 6x SDS loading dye and 
158 
 
heated at 95°C for 5 minutes.  For each sample, the entire volume was run on a 15% polyacyrlamide Tris-
HCl precast gel (Bio-Rad) for 1 hour and 10 minutes at 120V.  After SDS-PAGE, proteins were 
transferred to an Immobilon-P PVDF membrane (Millipore) in cold Towbin Transfer buffer as for 2 hours 
at 45 V.  Before probing, membranes were blocked with phosphate-buffered saline (PBS; 137 mM NaCl, 
2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.3) containing 5% nonfat dried milk (Carnation).  
Membranes were probed for 1 hour with a 1:1000 dilution of rabbit serum containing RelBE polyclonal 
antibodies in 0.05% Tween-20, washed with PBS, and then incubated in a 1:20,000 dilution of mouse 
anti-rabbit IgG-horseradish peroxidase (HRP)-conjugated antiserum (Pierce) in PBS containing 5% 
nonfat dried milk.  Antibody binding was detected with Supersignal West Pico Chemiluminescent 
substrate (Pierce), followed by exposure to autoradiography film, and developed using a Future 2000 K 
automatic x-ray film processor (Fisher Scientific).  
 
Macromolecular synthesis assays.  To evaluate the effect of compounds on the synthesis of DNA, RNA, 
and peptidglycan, the incorporation of [6-3H]-thymidine, [5,6-3H]-uridine, and N-acetyl-D-[1-3H]-
glucosamine, repectively, into bacterial macromolecules was assessed.   S. aureus (ATCC 12608) was 
inoculated into MH broth and incubated at 37°C until the culture reached an optical density of 0.2.  Cells 
were harvested by centrifugation, and the pellet was washed two times with M9 minimal media (42 mM 
Na2HPO4, 24 mM KH2PO4, 9 mM NaCl, 19 mM NH4Cl, 0.5% glucose, 1% casamino acids) by repeated 
suspension and centrifugation.  Cells were then resuspended in this same media to an optical density of 
0.2 and treated with 1 µCi/mL radioactive precursor.  Radioactive culture was immediately added in 0.5 
mL volumes to tubes containing 2.5 µL of either DMSO, 2121 solution in DMSO, or antibiotic solution 
in DMSO.  Treated cultures were shaken at 37°C for 10 min.  Ice-cold 15% TCA was then added to each 
culture in 0.5 mL volumes and tubes were then incubated on ice for at least 30 minutes.  The contents of 
each tube were passed through a glass microfiber filter (Fisher Scientific), and each filter was 
subsequently washed with 2, 1 mL portions of ice-cold ethanol.  Filters were allowed to dry overnight and 
were then each submerged into scintillation vials containing approximately 3.5 mL Econo 1 Scintisafe 
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scintillation fluid (Fisher Scientific).  Radiation counts were measured on an LS 6500 Multi-Purpose 
Scintillation Counter (Beckman Coulter). 
  The effect of compounds on protein synthesis was evaluated as described above with minor 
modifications.  First, experiments were performed in M9-Leu media (42 mM Na2HPO4, 24 mM KH2PO4, 
9 mM NaCl, 19 mM NH4Cl, 0.5% glucose, 50 µg/mL each amino acid except leucine) instead of M9 
minimal media.  Also, L-[3,4,5-3H(N)]-Leucine was used to assess protein synthesis, and S. aureus 
culture was treated with 20 µCi/mL of this radioactive precursor. 
 
Color quench determination for test compounds.  [5,6-3H]-uridine was added to a final concentration 
of 10 nCi/mL to 60 mL Econo 1 Scintisafe scintillation fluid.  This solution was transferred to 
scintillation vials in 3 mL aliquots, and each aliquot was then treated with either 2.5 µL DMSO or 4 
µg/mL 2121 derivative compound.  Each compound solution was vortexed briefly and then assessed for 
radiation count using an LS 6500 Multi-Purpose Scintillation Counter (Beckman Coulter).   
 
Gyrase cleavage assays.  Cleavage reactions contained 1 µg supercoiled pBR322 plasmid DNA, 2.5 U E. 
coli DNA gyrase (Inspiralis), 5× assay buffer (35 mM Tris-HCl, pH 7.5, 24 mM KCl, 4 mM MgCl2, 2 
mM DTT, 1.75 mM ATP, 5 mM spermidine, 0.1 mg/mL BSA, 6.5% glyercol), and 1 µL of either DMSO, 
2121 solution in DMSO, or ciprofloxacin solution in DMSO.  Final reaction volumes were 30 µL.  All 
samples were incubated at 37°C for 1 hour, and 0.6 µL 10% SDS and 0.3 µL 10 mg/mL proteinase K 
were subsequently added.  These reactions were then incubated for an additional hour at 37°C and were 
subsequently quenched by adding 3 µL 0.5 mM EDTA.  Reactions were diluted with 35 µL water, 
followed by phenol-chloroform extraction.  An equal volume of isopropanol was added to the resulting 
aqueous solution to precipitate DNA and this mixture incubated for at least 2 min at room temperature.  
DNA was pelleted by centrifugation, and the resulting pellet was washed with 1 mL 70% ethanol.  DNA 
was pelleted once more by centrifugation and DNA pellets were allowed to air-dry at room temperature 
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for 10 min.  DNA was analyzed by electrophoresis through a 1% agarose gel containing 0.5 µg/mL 
ethidium bromide. 
 
[35S]-methionine incorporation assays.  S. aureus (ATCC 25923) was inoculated into MH broth and 
incubated at 37°C until the culture reached an optical density of 0.2.  Cells were harvested by 
centrifugation, and the pellet was washed two times with M9-Met media (42 mM Na2HPO4, 24 mM 
KH2PO4, 9 mM NaCl, 19 mM NH4Cl, 0.5% glucose, 50 µg/mL each amino acid except methionine) by 
repeated suspension and centrifugation.  Cells were then resuspended in this same media to an optical 
density of 0.2 and treated with 100 µCi/mL L-[35S]-methionine.  Radioactive culture was immediately 
added in 0.25 mL volumes to tubes containing 2.5 µL of either DMSO, 2121 solution in DMSO, or 
antibiotic solution in DMSO.  Treated cultures were shaken at 37°C for 10 min and were then each 
supplemented with 12.5 µL chase solution (100 mg/mL casamino acids, 10 mg/mL methionine, 10 
mg/mL cysteine).  Supplemented cultures were incubated for 5 minutes at room temperature, and ice-cold 
15% TCA was then added to each culture in 0.25 mL volumes.  Tubes were incubated on ice for at least 
30 minutes and were then centrifuged at 14,000 × g for 10 min.  The resulting pellet was washed with 0.5 
mL ice cold acetone, and the tubes were then centrifuged again (14,000 × g for 10 min).  Each pellet was 
resuspended in 0.5 mL 0.5 M Tris-HCl (pH 6.3) containing 20 µg/mL lysostaphin.  Tubes were incubated 
at 37°C for 1 hour and were mixed by inversion every 20 minutes.  Ice-cold 15% TCA was subsequently 
added to each sample in 0.5 mL volumes, and tubes were then incubated on ice for at least 30 minutes.  
Samples were centrifuged at 14,000 × g for 10 min, and the resulting pellet was washed with 0.5 mL ice 
cold acetone.  Tubes were then recentrifuged at 14,000 × g for 10 min.  Pellets were allowed to air-dry for 
10 minutes and were then resuspended in 20 µL Qiagen binding buffer (50 mM Tris-HCl, 300 mM NaCl, 
10 mM imidazole, pH 8.0) and 20 µL 6x SDS loading dye.  Protein samples were heated at 95°C for 5 
minutes, and subsequently run on a 15% polyacyrlamide Mini-Protean TGX precast gel (Bio-Rad) for 50 
minutes at 120V.  The gel was dried for 35 min at 80°C in a Bio-Rad Model 583 gel dryer and was 
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subsequently exposed to an autoradiography imaging screen (Bio-Rad) for 20-24 hours.  Screens were 
then scanned on a Storm 865 gel imaging system (GE Healthcare Life Sciences).   
 
In vivo toxicity assays.  Female C57BL6 mice (Charles River Laboratories) were used for in vivo toxicity 
assays and all compounds were administered via intraperitoneal injection.  To evaluate the toxicity of 5 
and 50 mg/kg 2121, 0.1 and 1 mg/mL 2121, respectively, in an aqueous solution of 200 mg/mL 
hydroxypropyl-β-cyclodextrin (HPβCD) was administered to mice.  For 2121 derivatives, mice were 
administered no more than 50 µL of a compound solution in DMSO.  Mice were observed for 24 hours 
post-injection for signs of toxicity.   
 
Pharmacokinetic evaluation.  Five Female C57BL6 mice (Charles River Laboratories) were each 
treated with 50 mg/kg 2121 by intraperitoneal injection with 1 mL of a 200 mg/mL aqueous solution of 
HPβCD containing 1 mg/mL 2121.  After 15 minutes, a mouse was sacrificed by asphyxiation and up to 
0.7 mL was withdrawn from the mouse’s vena cava.  This was repeated for the remaining mice at 30, 45, 
60, and 90 minutes post-injection.  Collected blood was centrifuged at 10,000 × g for 2 minutes and 
plasma was transferred from the resulting pellet to a clean tube.  The concentration of 2121 in this plasma 
was determined by LC/MS by comparison to a previously constructed calibration curve for 2121.   
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3.6. FIGURES AND TABLES 
 
10        20        30        40        50        60        70        80        90       100  
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) ---------------------------------------------------------------------------------------------------T
fusA(2121R) TATAAACTGGAAGGAGAAAAAATACATGGCTAGAGAATTTTCATTAGAAAAAACTCGTAATATCGGTATCATGGCTCACATTGATGCTGGTAAAACGACT
110       120       130       140       150       160       170       180       190       200  
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) ACGACTGAACGTATTCTTTATTACACTGGTCGTATCCACAAAATTGGTGAAACACACGAAGGTGCTTCACAAATGGACTGGATGGAGCAAGAACAAGACC
fusA(2121R) ACGACTGAACGTATTCTTTATTACACTGGTCGTATCCACAAAATTGGTGAAACACACGAAGGTGCTTCACAAATGGACTGGATGGAGCAAGAACAAGACC
210       220       230       240       250       260       270       280       290       300  
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) GTGGTATTACTATCACATCTGCTGCAACAACAGCAGCTTGGGAAGGTCACCGTGTAAACATTATCGATACACCTGGACACGTAGACTTCACTGTAGAAGT
fusA(2121R) GTGGTATTACTATCACATCTGCTGCAACAACAGCAGCTTGGGAAGGTCACCGTGTAAACATTATCGATACACCTGGACACGTAGACTTCACTGTAGAAGT
310       320       330       340       350       360       370       380       390       400  
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) TGAACGTTCATTACGTGTACTTGACGGAGCAGTTACAGTACTTGATGCACAATCAGGTGTTGAACCTCAAACTGAAACAGTTTGGCGTCAGGCTACAACT
fusA(2121R) TGAACGTTCATTACGTGTACTTGACGGAGCAGTTACAGTACTTGATGCACAATCAGGTGTTGAACCTCAAACTGAAACAGTTTGGCGTCAGGCTACAACT
410       420       430       440       450       460       470       480       490       500  
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) TATGGTGTTCCACGTATCGTATTTGTAAACAAAATGGACAAATTAGGTGCTAACTTCGAATACTCTGTAAGTACATTACATGATCGTTTACAAGCTAACG
fusA(2121R) TATGGTGTTCCACGTATCGTATTTGTAAACAAAATGGACAAATTAGGTGCTAACTTCGAATACTCTGTAAGTACATTACATGATCGTTTACAAGCTAACG
510       520       530       540       550       560       570       580       590       600  
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) CTGCTCCAATCCAATTACCAATTGGTGCGGAAGACGAATTCGAAGCAATCATTGACTTAGTTGAAATGAAATGTTTCAAATATACAAATGATTTAGGTAC
fusA(2121R) CTGCTCCAATCCAATTACCAATTGGTGCGGAAGACGAATTCGAAGCAATCATTGACTTAGTTGAAATGAAATGTTTCAAATATACAAATGATTTAGGTAC
610       620       630       640       650       660       670       680       690       700  
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) TGAAATTGAAGAAATTGAAATTCCTGAAGACCACTTAGATAGAGCTGAAGAAGCTCGTGCTAGCTTAATCGAAGCAGTTGCAGAAACTAGCGACGAATTA
fusA(2121R) TGAAATTGAAGAAATTGAAATTCCTGAAGACCACTTAGATAGAGCTGAAGAAGCTCGTGCTAGCTTAATCGAAGCAGTTGCAGAAACTAGCGACGAATTA
710       720       730       740       750       760       770       780       790       800  
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) ATGGAAAAATATCTTGGTGACGAAGAAATTTCAGTTTCTGAATTAAAAGAAGCTATCCGCCAAGCTACTACTAACGTAGAATTCTACCCAGTACTTTGTG
fusA(2121R) ATGGAAAAATATCTTGGTGACGAAGAAATTTCAGTTTCTGAATTAAAAGAAGCTATCCGCCAAGCTACTACTAACGTAGAATTCTACCCAGTACTTTGTG
810       820       830       840       850       860       870       880       890       900  
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) GTACAGCTTTCAAAAACAAAGGTGTTCAATTAATGCTTGACGCTGTAATTGATTACTTACCTTCACCACTAGACGTTAAACCAATTATTGGTCACCGTGC
fusA(2121R) GTACAGCTTTCAAAAACAAAGGTGTTCAATTAATGCTTGACGCTGTAATTGATTACTTACCTTCACCACTAGACGTTAAACCAATTATTGGTCACCGTGC
910       920       930       940       950       960       970       980       990       1000 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) TAGCAACCCTGAAGAAGAAGTAATCGCGAAAGCAGACGATTCAGCTGAATTCGCTGCATTAGCGTTCAAAGTTATGACTGACCCTTATGTTGGTAAATTG
fusA(2121R) TAGCAACCCTGAAGAAGAAGTAATCGCGAAAGCAGACGATTCAGCTGAATTCGCTGCATTAGCGTTCAAAGTTATGACTGACCCTTATGTTGGTAAATTG
1010      1020      1030      1040      1050      1060      1070      1080      1090      1100 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) ACATTCTTCCGTGTGTATTCAGGTACAATGACATCTGGTTCATACGTTAAGAACTCTACTAAAGGTAAACGTGAACGTGTAGGTCGTTTATTACAAATGC
fusA(2121R) ACATTCTTCCGTGTGTATTCAGGTACAATGACATCTGGTTCATACGTTAAGAACTCTACTAAAGGTAAACGTGAACGTGTAGGTCGTTTATTACAAATGC
1110      1120      1130      1140      1150      1160      1170      1180      1190      1200 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) ACGCTAACTCACGTCAAGAAATCGATACTGTATACTCTGGAGATATCGCTGCTGCGGTAGGTCTTAAAGATACAGGTACTGGTGATACTTTATGTGGTGA
fusA(2121R) ACGCTAACTCACGTCAAGAAATCGATACTGTATACTCTGGAGATATCGCTGCTGCGGTAGGTCTTAAAGATACAGGTACTGGTGATACTTTATGTGGTGA
1210      1220      1230      1240      1250      1260      1270      1280      1290      1300 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) GAAAAATGACATTATCTTGGAATCAATGGAATTCCCAGAGCCAGTTATTCACTTATCAGTAGAGCCAAAATCTAAAGCTGACCAAGATAAAATGACTCAA
fusA(2121R) GAAAAATGACATTATCTTGGAATCAATGGAATTCCCAGAGCCAGTTATTCACTTATCAGTAGAGCCAAAATCTAAAGCTGACCAAGATAAAATGACTCAA
1310      1320      1330      1340      1350      1360      1370      1380      1390      1400 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
fusA(2121S) GCTTTAGTTAAATTACAAGAAGAAGACCCAACATTCCATGCACACACTGACGAAGAAACTGGACAAGTTATCATCGGTGGTATGGGTGAGCTTCACTTAG
fusA(2121R) GCTTTAGTTAAATTACAAGAAGAAGACCCAACATTCCATGCACACACTGACGAAGAAACTGGACAAGTTATCATCGGTGGTATGGGTGAGCTTCACTTAG
1410      1420      1430      1440        
....|....|....|....|....|....|....|....|....|..
fusA(2121S) ACATCTTAGTAGACCGTATGAAGAAAGAATTCAACGTTGAATGTAAC
fusA(2121R) ACATCTTAGTAGACCGTATGAAGAAAGAATTCAA-------------
Figure 3.38.  Sequences of fusA genes amplified from the genomes of 2121-resistant and 2121-susceptible S. aureus.  To
determine if fusidic acid resistance was conferred to 2121-resistant strains of S. aureus by mutation of EF-G, the gene encoding
this protein, fusA, was amplified by PCR from the genomes of 2121-susceptible (2121S) and 2121-resistant (2121R) S. aureus
(ATCC 12608).  No mutations were observed. 
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10        20        30        40        50        60        70        80        90       100 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplD-2121S AAATTAGACGGAACTAAATCAGGTTCAATCGAATTAAGCGATGCAGTATTCGGTATTGAGCCAAATAATAGCGTTTTATTCGAAGCTATTAATTTACAAC
rplD-2121R ---TTAGACGGAACTAAATCAGGTTCAATCGAATTAAGCGATGCAGTATTCGGTATTGAGCCAAATAATAGCGTTTTATTCGAAGCTATTAATTTACAAC
110       120       130       140       150       160       170       180       190       200 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplD-2121S GTGCTTCATTACGTCAAGGTACGCATGCTGTTAAGAATCGTTCAGCAGTAAGCGGTGGCGGACGTAAACCATGGAAGCAAAAAGGAACAGGTCGTGCTCG
rplD-2121R GTGCTTCATTACGTCAAGGTACGCATGCTGTTAAGAATCGTTCAGCAGTAAGCGGTGGCGGACGTAAACCATGGAAGCAAAAAGGAACAGGTCGTGCTCG
210       220       230       240       250       260       270       280       290       300 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplD-2121S TCAAGGTACAATCCGTGCTCCACAATGGCGTGGCGGTGGTATCGTATTCGGACCAACTCCAAGAAGTTATGCATACAAAATGCCTAAGAAAATGCGTCGT
rplD-2121R TCAAGGTACAATCCGTGCTCCACAATGGCGTGGCGGTGGTATCGTATTCGGACCAACTCCAAGAAGTTATGCATACAAAATGCCTAAGAAAATGCGTCGT
310       320       330       340       350       360       370       380       390       400 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplD-2121S TTAGCTTTACGCTCAGCATTATCTTTCAAAGCTCAAGAGAATGGCTTAACTGTAGTTGACGCATTCAACTTCGAAGCTCCAAAAACTAAAGAATTCAAAA
rplD-2121R TTAGCTTTACGCTCAGCATTATCTTTCAAAGCTCAAGAGAATGGCTTAACTGTAGTTGACGCATTCAACTTCGAAGCTCCAAAAACTAAAGAATTCAAAA
410       420       430       440       450       460       470       480       490       500 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplD-2121S ATGTATTATCTACATTAGAACAACCTAAAAAAGTATTAGTAGTTACTGAAAACGAAGATGTAAATGTTGAATTATCAGCACGCAACATCCCTGGCGTTCA
rplD-2121R ATGTATTATCTACATTAGAACAACCTAAAAAAGTATTAGTAGTTACTGAAAACGAAGATGTAAATGTTGAATTATCAGCACGCAACATCCCTGGCGTTCA
510       520       530       540       550       560       570       580       590       600 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplD-2121S AGTGACAACTGCTCAAGGTTTAAATGTTTTAGATATCACTAATGCTGACAGCTTAGTAATTACTGAAGCTGCTGCTAAAAAAGTTGAGGAGGTGCTCGGA
rplD-2121R AGTGACAACTGCTCAAGGTTTAAATGTTTTAGATATCACTAATGCTGACAGCTTAGTAATTACTGAAGCTGCTGCTAAAAAAGTTGAGGAGGTGCTCGGA
610       620       630       640       650       660     
....|....|....|....|....|....|....|....|....|....|....|....|....
rplD-2121S TAATGGAAGCAAGAGATATTCTTAAGCGCCCCGTAATCACTGAGAAATCTTCTGAAGCAATGGC
rplD-2121R TAATGGAAGCAAGAGATATTCTTAAGCGCCCCGTAATCACTGAGAAATCTTCTGAAGCAATGGC
Figure 3.40.  Sequences of rplD amplified from the genomes of 2121-resistant and 2121-susceptible S. aureus.   To determine if
fusidic acid and streptogramin resistance was conferred to 2121-resistant strains of S. aureus by mutation of ribosomal protein
L4, the gene encoding this protein, rplD, was amplified by PCR from the genomes of 2121-susceptible (2121S) and 2121-
resistant (2121R) S. aureus (ATCC 12608).  No mutations were observed. 
10        20        30        40        50        60        70        80        90       100 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rrl(II)-2121S ATGGGTGATGGCGTGCCTTTTGTAGAATGAACCGGCGAGTTACGATTTGATGCAAGGTTAAGCAGTAAATGTGGAGCCGTAGCGAAAGCGAGTCTGAATA
rrl(II)-2121R ATGGGTGATGGCGTGCCTTTTGTAGAATGAACCGGCGAGTTACGATTTGATGCAAGGTTAAGCAGTAAATGTGGAGCCGTAGCGAAAGCGAGTCTGAATA
110       120       130       140       150       160       170       180       190       200 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rrl(II)-2121S GGGCGTTTAGTATTTGGTCGTAGACCCGAAACCAGGTGATCTACCCTTGGTCAGGTTGAAGTTCAGGTAACACTGAATGGAGGACCGAACCGACTTACGT
rrl(II)-2121R GGGCGTTTAGTATTTGGTCGTAGACCCGAAACCAGGTGATCTACCCTTGGTCAGGTTGAAGTTCAGGTAACACTGAATGGAGGACCGAACCGACTTACGT
210       220       230       240       250       260       270       280       290       300 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rrl(II)-2121S TGAAAAGTGAGCGGATGAACTGAGGGTAGCGGAGAAATTCCAATCGAACCTGGAGATAGCTGGTTCTCTCCGAAATAGCTTTAGGGCTAGCCTCAAGTGA
rrl(II)-2121R TGAAAAGTGAGCGGATGAACTGAGGGTAGCGGAGAAATTCCAATCGAACCTGGAGATAGCTGGTTCTCTCCGAAATAGCTTTAGGGCTAGCCTCAAGTGA
310       320       330       340       350       360       370       380       390       400 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rrl(II)-2121S TGATTATTGGAGGTAGAGCACTGTTTGGACGAGGGGCCCCTCTCGGGTTACCGAATTCAGACAAACTCCGAATGCCAATTAATTTAACTTGGGAGTCAGA
rrl(II)-2121R TGATTATTGGAGGTAGAGCACTGTTTGGACGAGGGGCCCCTCTCGGGTTACCGAATTCAGACAAACTCCGAATGCCAATTAATTTAACTTGGGAGTCAGA
410       420       430       440       450       460       470       480       490       500 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rrl(II)-2121S ACATGGGTGATAAGGTCCGTGTTCGAAAGGGAAACAGCCCAGACCACCAGCTAAGGTCCCAAAATATATGTTAAGTGGAAAAGGATGTGGCGTTGCCCAG
rrl(II)-2121R ACATGGGTGATAAGGTCCGTGTTCGAAAGGGAAACAGCCCAGACCACCAGCTAAGGTCCCAAAATATATGTTAAGTGGAAAAGGATGTGGCGTTGCCCAG
510       520       530       540       550       560       570       580       590       600 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rrl(II)-2121S ACAACTAGGATGTTGGCTTAGAAGCAGCCATCATTTAAAGAGTGCGTAATAGCTCACTAGTCGAGTGACACTGCGCCGAAAATGTACCGGGGCTAAACAT
rrl(II)-2121R ACAACTAGGATGTTGGCTTAGAAGCAGCCATCATTTAAAGAGTGCGTAATAGCTCACTAGTCGAGTGACACTGCGCCGAAAATGTACCGGGGCTAAACAT
610       620       630       640       650       660       670       680       690       700 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rrl(II)-2121S ATTACCGAAGCTGTGGATTGTCCTTTGGACAATGGTAGGAGAGCGTTCTAAGGGCGTTGAAGCATGATCGTAAGGACATGTGGAGCGCTTAGAAGTGAGA
rrl(II)-2121R ATTACCGAAGCTGTGGATTGTCCTTTGGACAATGGTAGGAGAGCGTTCTAAGGGCGTTGAAGCATGATCGTAAGG-------------------------
710       720       730       740   
....|....|....|....|....|....|....|....|
rrl(II)-2121S ATGCCGGTGTGAGTAGCGAAAGACGGGTGAGAATCCCTCC
rrl(II)-2121R ----------------------------------------
Figure 3.39.  Sequences of genes encoding Domain II of 23S rRNA amplified from the genomes of 2121-resistant and 2121-
susceptible S. aureus.    To determine if fusidic acid and streptogramin resistance was conferred to 2121-resistant strains of S.
aureus by mutation of Domain II of 23S rRNA, the gene fragment encoding this RNA, rrl(II), was amplified by PCR from the
genomes of 2121-susceptible (2121S) and 2121-resistant (2121R) S. aureus (ATCC 12608).  No mutations were observed. 
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10        20        30        40        50        60        70        80        90       100 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplK-2121S ---------------ACCACATCACGATATCAAGGAGGTGCACATCGTGGCTAAAAAAGTAGATAAAGTTGTTAAATTACAAATTCCTGCAGGTAAAGCG
rplK-2121R AAACTGAGCCCTGTGACCACATCACGATATCAAGGAGGTGCACATCGTGGCTAAAAAAGTAGATAAAGTTGTTAAATTACAAATTCCTGCAGGTAAAGCG
110       120       130       140       150       160       170       180       190       200 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplK-2121S AATCCAGCACCACCAGTTGGTCCAGCATTAGGTCAAGCAGGTGTGAACATCATGGGATTCTGTAAAGAGTTCAATGCACGTACTCAAGATCAAGCAGGTT
rplK-2121R AATCCAGCACCACCAGTTGGTCCAGCATTAGGTCAAGCAGGTGTGAACATCATGGGATTCTGTAAAGAGTTCAATGCACGTACTCAAGATCAAGCAGGTT
210       220       230       240       250       260       270       280       290       300 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplK-2121S TAATTATTCCGGTAGAAATCAGTGTTTATGAAGATCGTTCATTTACATTTATTACAAAAACTCCACCGGCTCCAGTATTACTTAAAAAAGCAGCTGGTAT
rplK-2121R TAATTATTCCGGTAGAAATCAGTGTTTATGAAGATCGTTCATTTACATTTATTACAAAAACTCCACCGGCTCCAGTATTACTTAAAAAAGCAGCTGGTAT
310       320       330       340       350       360       370       380       390       400 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplK-2121S TGAAAAAGGTTCAGGCGAACCAAACAAAACTAAAGTTGCTACAGTAACTAAAGATCAAGTACGCGAAATTGCTAACAGCAAAATGCAAGACTTAAACGCT
rplK-2121R TGAAAAAGGTTCAGGCGAACCAAACAAAACTAAAGTTGCTACAGTAACTAAAGATCAAGTACGCGAAATTGCTAACAGCAAAATGCAAGACTTAAACGCT
410       420       430       440       450       460       470       480       
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|.
rplK-2121S GCTGACGAAGAAGCAGCTATGCGTATTATCGAAGGTACTGCACGTAGTATGGGTATCGTTGTAGAATAATTTTACGAATAT
rplK-2121R GCTGACGAAGAAGCAGCTATGCGTATTATCGAAGGTACTGCACGTAGTATGGGTATCGTTGTAGAATAATTT---------
Figure 3.42.  Sequences of rplK amplified from the genomes of 2121-resistant and 2121-susceptible S. aureus.    To determine if
fusidic acid and streptogramin resistance was conferred to 2121-resistant strains of S. aureus by mutation of ribosomal protein
L11, the gene encoding this protein, rplK, was amplified by PCR from the genomes of 2121-susceptible (2121S) and 2121-
resistant (2121R) S. aureus (ATCC 12608).  No mutations were observed. 
10        20        30        40        50        60        70        80        90       100 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplJ-2121S AAGTGCTTTTTTTATTAATTTTAAAAAAAGCACCAAAAATTTAAATGGAGGTGTCTGAATGTCTGCTATCATTGAAGCTAAAAAACAACTAGTTGATGAA
rplJ-2121R AAGTGCTTTTTTTATTAATTTTAAAAAAAGCACCAAAAATTTAAATGGAGGTGTCTGAATGTCTGCTATCATTGAAGCTAAAAAACAACTAGTTGATGAA
110       120       130       140       150       160       170       180       190       200 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplJ-2121S ATTGCTGAGGTACTATCAAATTCAGTTTCAACAGTAATCGTTGACTACCGTGGATTAACAGTAGCTGAAGTTACTGACTTACGTTCACAATTACGTGAAG
rplJ-2121R ATTGCTGAGGTACTATCAAATTCAGTTTCAACAGTAATCGTTGACTACCGTGGATTAACAGTAGCTGAAGTTACTGACTTACGTTCACAATTACGTGAAG
210       220       230       240       250       260       270       280       290       300 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplJ-2121S CTGGTGTTGAGTATAAAGTATACAAAAACACTATGGTACGTCGTGCAGCTGAAAAAGCTGGTATCGAAGGCTTAGATGAATTCTTAACAGGTCCTACTGC
rplJ-2121R CTGGTGTTGAGTATAAAGTATACAAAAACACTATGGTACGTCGTGCAGCTGAAAAAGCTGGTATCGAAGGCTTAGATGAATTCTTAACAGGTCCTACTGC
310       320       330       340       350       360       370       380       390       400 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplJ-2121S TATTGCAACTTCAAGTGAAGATGCTGTAGCTGCAGCGAAAGTAATTTCTGGATTTGCTAAAGATCATGAAGCATTAGAAATTAAATCAGGCGTTATGGAA
rplJ-2121R TATTGCAACTTCAAGTGAAGATGCTGTAGCTGCAGCGAAAGTAATTTCTGGATTTGCTAAAGATCATGAAGCATTAGAAATTAAATCAGGCGTTATGGAA
410       420       430       440       450       460       470       480       490       500 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplJ-2121S GGCAATGTTATTACAGCAGAAGAAGTTAAAACTGTTGGTTCATTACCTTCACACGATGGTCTTGTATCTATGCTTTTATCAGTATTACAAGCTCCTGTAC
rplJ-2121R GGCAATGTTATTACAGCAGAAGAAGTTAAAACTGTTGGTTCATTACCTTCACACGATGGTCTTGTATCTATGCTTTTATCAGTATTACAAGCTCCTGTAC
510       520       530       540       550       560       570       580       590       600 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplJ-2121S GCAACTTCGCTTATGCGGTTAAAGCTATTGGAGAACAAAAAGAAGAAAGCGCTGAATAATTTTTAGCGTAAAAAAATTAAAAATAATGGAGGAATTATAA
rplJ-2121R GCAACTTCGCTTATGCGGTTAAAGCTATTGGAGAACAAAAAGAAGAAAGCGCTGAATAATTTTTAGCGTAAAAAAATTAAAAATAATGGAGGAATTATAA
610       620       630       640       650       660       670       680       690       700 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplJ-2121S AATGGCTAATCATGAACAAATCATTGAAGCGATTAAAGAAATGTCAGTATTAGAATTAAACGACTTAGTAAAAGCAATTGAAGAAGAATTTGG-------
rplJ-2121R AATGGCTAATCATGAACAAATCATTGAAGCGATTAAAGAAATGTCAGTATTAGAATTAAACGACTTAGTAAAAGCAATTGAAGAAGAATTTGGTGTAACT
710       720       730       740       750       760       770       780             
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|.
rplJ-2121S --------------------------------------------------------------------------------------
rplJ-2121R GCAGCTGCTCCAGTAGCAGTAGCAGGTGCAGCTGGTGGCGCTGACGCTGCAGCAGAAAAAACTGAATTTGACGTTGAGTTAACTTC
Figure 3.41.  Sequences of rplJ amplified from the genomes of 2121-resistant and 2121-susceptible S. aureus.    To determine if
fusidic acid and streptogramin resistance was conferred to 2121-resistant strains of S. aureus by mutation of ribosomal protein
L10, the gene encoding this protein, rplJ, was amplified by PCR from the genomes of 2121-susceptible (2121S) and 2121-
resistant (2121R) S. aureus (ATCC 12608).  No mutations were observed. 
165 
 
 
 
 
3.7.  REFERENCES 
1. Singh, M. P.; Petersen, P. J.; Weiss, W. J.; Kong, F.; Greenstein, M. Saccharomicins, novel 
heptadecaglycoside antibiotics produced by Saccharothrix espanaensis: antibacterial and 
mechanistic activities. Antimicrob Agents Chemother 2000, 44, 2154-2159. 
10        20        30        40        50        60        70        80        90       100 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplV(2121S) AATATCTATTAAGTAGAGGAGGACATCCTAATGGAAGCAAAAGCGGTTGCTAGAACAATAAGAATCGCACCTCGTAAAGTAAGACTAGTTCTTGACTTAA
rplV(2121R) ------------GTAGAGGAGGACATCCTAATGGAAGCAAAAGCGGTTGCTAGAACAATAAGAATCGCACCTCGTAAAGTAAGACTAGTTCTTGACTTAA
110       120       130       140       150       160       170       180       190       200 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplV(2121S) TCAGAGGTAAAAATGCTGCTGAAGCTATTGCAATTTTAAAATTAACAAACAAAGCTTCATCACCAGTAATTGAAAAAGTATTAATGTCCGCTTTAGCTAA
rplV(2121R) TCAGAGGTAAAAATGCTGCTGAAGCTATTGCAATTTTAAAATTAACAAACAAAGCTTCATCACCAGTAATTGAAAAAGTATTAATGTCCGCTTTAGCTAA
210       220       230       240       250       260       270       280       290       300 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplV(2121S) TGCTGAACATAACTATGACATGAACACAGATGAATTAGTAGTTAAAGAAGCATATGCTAACGAAGGACCAACATTAAAACGTTTCCGTCCACGTGCGCAA
rplV(2121R) TGCTGAACATAACTATGACATGAACACAGATGAATTAGTAGTTAAAGAAGCATATGCTAACGAAGGACCAACATTAAAACGTTTCCGTCCACGTGCGCAA
310       320       330       340       350       360       370       380       390       400 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplV(2121S) GGTCGTGCAAGTGCGATTAACAAACGTACAAGCCACATTACAATCGTCGTAAGTGACGGTAAAGAAGAAGCTAAAGAAGCTTAATTAACTTTTAAGGAGG
rplV(2121R) GGTCGTGCAAGTGCGATTAACAAACGTACAAGCCACATTACAATCGTCGTAAGTGACGGTAAAGAAGAAGCTAAAGAAGCTTAATTAACTTTTAAGGAGG
410      
....|....|....|
rplV(2121S) GAATAACTGTGGGTC
rplV(2121R) GAATAACTGTGGGTC
Figure 3.44.  Sequences of rplV amplified from the genomes of 2121-resistant and 2121-susceptible S. aureus.    To determine if
fusidic acid and streptogramin resistance was conferred to 2121-resistant strains of S. aureus by mutation of ribosomal protein
L22, the gene encoding this protein, rplV, was amplified by PCR from the genomes of 2121-susceptible (2121S) and 2121-
resistant (2121R) S. aureus (ATCC 12608).  No mutations were observed. 
10        20        30        40        50        60        70        80        90       100 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplP(2121S) CTTCGTGGAGAGTTCTTCCTACTAAGAACACTAGTGGAGGAGGAAAATAATAATGTTACTACCAAAACGTGTAAAATATCGTCGTCAACATCGTCCTAAA
rplP(2121R) ----------AGTTCTTCCTACTAAGAACACTAGTGGAGGAGGAAAATAATAATGTTACTACCAAAACGTGTAAAATATCGTCGTCAACATCGTCCTAAA
110       120       130       140       150       160       170       180       190       200 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplP(2121S) ACAACTGGTCGTTCTAAAGGCGGTAACTACGTAACATTTGGTGAGTTTGGTTTACAAGCTACAACAACGTCTTGGATCACATCTCGTCAAATCGAATCTG
rplP(2121R) ACAACTGGTCGTTCTAAAGGCGGTAACTACGTAACATTTGGTGAGTTTGGTTTACAAGCTACAACAACGTCTTGGATCACATCTCGTCAAATCGAATCTG
210       220       230       240       250       260       270       280       290       300 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplP(2121S) CTCGTATAGCAATGACACGTTACATGAAACGTGGCGGGAAAGTTTGGATTAAAATCTTCCCACATACACCATATACTAAAAAACCTTTAGAAGTACGTAT
rplP(2121R) CTCGTATAGCAATGACACGTTACATGAAACGTGGCGGGAAAGTTTGGATTAAAATCTTCCCACATACACCATATACTAAAAAACCTTTAGAAGTACGTAT
310       320       330       340       350       360       370       380       390       400 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplP(2121S) GGGTGCTGGTAAAGGTGCGGTTGAAGGCTGGATCGCAGTTGTTAAACCAGGTAGAATTTTATTCGAAGTTGCTGGCGTTTCTGAAGAAGTTGCGCGTGAA
rplP(2121R) GGGTGCTGGTAAAGGTGCGGTTGAAGGCTGGATCGCAGTTGTTAAACCAGGTAGAATTTTATTCGAAGTTGCTGGCGTTTCTGAAGAAGTTGCGCGTGAA
410       420       430       440       450       460       470       480       490       500 
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
rplP(2121S) GCACTACGTTTAGCAAGTCACAAACTTCCAGTAAAAACTAAGTTTGTAAAACGTGAGGAATTGGGTGGTGAAACAAATGAAAGCTAAGGAAATTAGAGAC
rplP(2121R) GCACTACGTTTAGCAAGTCACAAACTTCCAGTAAAAACTAAGTTTGTAAAACGTGAGGAATTGGGTGGTGAAACAAATGAAAGCTAAGGAAATTAGAGAC
510       520       530        
....|....|....|....|....|....|....|
rplP(2121S) TTAACCACTTCAGAAATCGAAGAACAAATCAATCT
rplP(2121R) TTAACCACTTCAGAAATCGAAGAACAAATCAA---
Figure 3.43.  Sequences of rplP amplified from the genomes of 2121-resistant and 2121-susceptible S. aureus.    To determine if
fusidic acid and streptogramin resistance was conferred to 2121-resistant strains of S. aureus by mutation of ribosomal protein
L16, the gene encoding this protein, rplP, was amplified by PCR from the genomes of 2121-susceptible (2121S) and 2121-
resistant (2121R) S. aureus (ATCC 12608).  No mutations were observed. 
166 
 
2. Lannergard, J.; Norstrom, T.; Hughes, D. Genetic determinants of resistance to fusidic acid 
among clinical bacteremia isolates of Staphylococcus aureus. Antimicrob Agents Chemother 
2009, 53, 2059-2065. 
3. Strommenger, B.; Kettlitz, C.; Werner, G.; Witte, W. Multiplex PCR assay for simultaneous 
detection of nine clinically relevant antibiotic resistance genes in Staphylococcus aureus. J Clin 
Microbiol 2003, 41, 4089-4094. 
4. Giamarellou, H.; Poulakou, G. Multidrug-resistant Gram-negative infections: what are the 
treatment options? Drugs 2009, 69, 1879-1901. 
5. Peleg, A. Y.; Seifert, H.; Paterson, D. L. Acinetobacter baumannii: emergence of a successful 
pathogen. Clin Microbiol Rev 2008, 21, 538-582. 
6. Moritz, E. M. The Prevalence of Toxin-Antitoxin Systems and Their Tractability as Novel 
Antimicrobial Targets. University of Illinois at Urbana-Champaign, 2010. 
7. Burian, A.; Wagner, C.; Stanek, J.; Manafi, M.; Bohmdorfer, M.; Jager, W.; Zeitlinger, M. 
Plasma protein binding may reduce antimicrobial activity by preventing intra-bacterial uptake of 
antibiotics, for example clindamycin. J Antimicrob Chemother 2010. 
8. Zhanel, G. G.; Kirkpatrick, I. D.; Hoban, D. J.; Kabani, A. M.; Karlowsky, J. A. Influence of 
human serum on pharmacodynamic properties of an investigational glycopeptide, LY333328, and 
comparator agents against Staphylococcus aureus. Antimicrob Agents Chemother 1998, 42, 2427-
2430. 
9. Shiota, T.; Yamamori, T.; Sakai, K.; Kiyokawa, M.; Honma, T.; Ogawa, M.; Hayashi, K.; 
Ishizuka, N.; Matsumura, K.; Hara, M.; Fujimoto, M.; Kawabata, T.; Nakajima, S. Synthesis and 
structure-activity relationship of a new series of potent angiotensin II receptor antagonists: 
pyrazolo[1,5-a]pyrimidine derivatives. Chem Pharm Bull (Tokyo) 1999, 47, 928-938. 
10. Mukaiyama, H.; Nishimura, T.; Shiohara, H.; Kobayashi, S.; Komatsu, Y.; Kikuchi, S.; Tsuji, E.; 
Kamada, N.; Ohnota, H.; Kusama, H. Discovery of novel 2-anilinopyrazolo[1,5-a]pyrimidine 
derivatives as c-Src kinase inhibitors for the treatment of acute ischemic stroke. Chem Pharm 
Bull (Tokyo) 2007, 55, 881-889. 
11. Gregg, B. T.; Tymoshenko, D. O.; Razzano, D. A.; Johnson, M. R. Pyrazolo[1,5-a]pyrimidines. 
Identification of the privileged structure and combinatorial synthesis of 3-
(hetero)arylpyrazolo[1,5-a]pyrimidine-6-carboxamides. J Comb Chem 2007, 9, 507-512. 
12. Thorarensen, A.; Li, J.; Wakefield, B. D.; Romero, D. L.; Marotti, K. R.; Sweeney, M. T.; 
Zurenko, G. E.; Sarver, R. W. Preparation of novel anthranilic acids as antibacterial agents: 
extensive evaluation of structural and physical properties on antibacterial activity and human 
serum albumin affinity. Bioorg Med Chem Lett 2007, 17, 3113-3116. 
167 
 
13. Colmenarejo, G.; Alvarez-Pedraglio, A.; Lavandera, J. L. Cheminformatic models to predict 
binding affinities to human serum albumin. J Med Chem 2001, 44, 4370-4378. 
14. Leslie, B. J.; Hergenrother, P. J. Identification of the cellular targets of bioactive small organic 
molecules using affinity reagents. Chem Soc Rev 2008, 37, 1347-1360. 
15. Pathania, R.; Zlitni, S.; Barker, C.; Das, R.; Gerritsma, D. A.; Lebert, J.; Awuah, E.; Melacini, G.; 
Capretta, F. A.; Brown, E. D. Chemical genomics in Escherichia coli identifies an inhibitor of 
bacterial lipoprotein targeting. Nat Chem Biol 2009, 5, 849-856. 
16. Chaieb, K.; Zmantar, T.; Chehab, O.; Bouchami, O.; Ben Hasen, A.; Mahdouani, K.; Bakhrouf, 
A. Antibiotic resistance genes detected by multiplex PCR assays in Staphylococcus epidermidis 
strains isolated from dialysis fluid and needles in a dialysis service. Jpn J Infect Dis 2007, 60, 
183-187. 
17. Wilson, D. N. The A-Z of bacterial translation inhibitors. Crit Rev Biochem Mol Biol 2009, 44, 
393-433. 
18. Malbruny, B.; Canu, A.; Bozdogan, B.; Fantin, B.; Zarrouk, V.; Dutka-Malen, S.; Feger, C.; 
Leclercq, R. Resistance to quinupristin-dalfopristin due to mutation of L22 ribosomal protein in 
Staphylococcus aureus. Antimicrob Agents Chemother 2002, 46, 2200-2207. 
19. Cocito, C.; Di Giambattista, M.; Nyssen, E.; Vannuffel, P. Inhibition of protein synthesis by 
streptogramins and related antibiotics. J Antimicrob Chemother 1997, 39 Suppl A, 7-13. 
20. Banerjee, A.; Dubnau, E.; Quemard, A.; Balasubramanian, V.; Um, K. S.; Wilson, T.; Collins, D.; 
de Lisle, G.; Jacobs, W. R., Jr. inhA, a gene encoding a target for isoniazid and ethionamide in 
Mycobacterium tuberculosis. Science 1994, 263, 227-230. 
21. Srinivas, N.; Jetter, P.; Ueberbacher, B. J.; Werneburg, M.; Zerbe, K.; Steinmann, J.; Van der 
Meijden, B.; Bernardini, F.; Lederer, A.; Dias, R. L.; Misson, P. E.; Henze, H.; Zumbrunn, J.; 
Gombert, F. O.; Obrecht, D.; Hunziker, P.; Schauer, S.; Ziegler, U.; Kach, A.; Eberl, L.; Riedel, 
K.; DeMarco, S. J.; Robinson, J. A. Peptidomimetic antibiotics target outer-membrane biogenesis 
in Pseudomonas aeruginosa. Science 2010, 327, 1010-1013. 
22. Molecular Biology Problem Solver:  A Laboratory Guide; Gerstein, A. S., Ed.; Wiley-Liss: New 
York, 2001. 
23. Craig, W. A.; Kunin, C. M. Significance of serum protein and tissue binding of antimicrobial 
agents. Annu Rev Med 1976, 27, 287-300. 
24. O'Reilly, T.; Andes, D. A.; Ostergaard, C.; Frimodt-Moller, N. Evaluation of Antimicrobials in 
Experimental Animal Infections. In Antibiotics in Laboratory Medicine; Lorian, V., Ed.; 
Lippincott Williams & Wilkins: Philadelphia, 2005. 
25. Shoichet, B. K. Screening in a spirit haunted world. Drug Discov Today 2006, 11, 607-615. 
168 
 
26. Moritz, E. M.; Hergenrother, P. J. Toxin-antitoxin systems are ubiquitous and plasmid-encoded in 
vancomycin-resistant enterococci. Proc Natl Acad Sci U S A 2007, 104, 311-316. 
27. Musk, D. J.; Banko, D. A.; Hergenrother, P. J. Iron salts perturb biofilm formation and disrupt 
existing biofilms of Pseudomonas aeruginosa. Chem Biol 2005, 12, 789-796. 
28. Standards, N. C. f. C. L. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria 
That Grow Aerobically; NCCLS: Wayne, PA, 2003. 
29. McGovern, S. L.; Caselli, E.; Grigorieff, N.; Shoichet, B. K. A common mechanism underlying 
promiscuous inhibitors from virtual and high-throughput screening. J Med Chem 2002, 45, 1712-
1722. 
30. Vichai, V.; Kirtikara, K. Sulforhodamine B colorimetric assay for cytotoxicity screening. Nat 
Protoc 2006, 1, 1112-1116. 
31. Johnson, W. M.; Tyler, S. D.; Ewan, E. P.; Ashton, F. E.; Pollard, D. R.; Rozee, K. R. Detection 
of genes for enterotoxins, exfoliative toxins, and toxic shock syndrome toxin 1 in Staphylococcus 
aureus by the polymerase chain reaction. Journal of clinical microbiology 1991, 29, 426-430. 
32. Ausubel, F. M.; Brent, R.; Kingston, R. E.; Moore, D. D.; Seidman, J. G.; Smith, J. A.; Struhl, K. 
Short Protocols in Molecular Biology; 4th ed.; Wiley: New York, 1999. 
 
 
